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1.  IMTBODOCTTON 

In  recent  years  there  has  been  a significant  renewal  of  interest  in 
ceramics  as  potential  hi^-temperature  engineering  materials.  This 
interest  has  developed  in  part  because  of  econcxnic  considerations, 
particularly  becavise  of  the  increase  in  the  cost  of  fuel  oil,  and  in  peurt 
as  a consequence  of  a strong  anti-pollution  lobby  in  the  U.S.A.  For  these 
reasons  a n\jmber  of  automobile  and  gas-tvirbine  maniifacturers  are  examining 
the  possibility  of  using  ceramic  components  in  engine  construction,  and 
also  in  the  design  and  construction  of  an  "all  ceramic"  vehicular  type 
gas  tiirbine. 

The  reason  behind  the  interest  in  certain  ceramics  as  high  temperature 
engineering  materials  is  their  ability  to  retain  a useful  strength  at 
tempera tures  higher  than  is  the  case  for  metals.  The  French  military 
engineer,  N.S.  Carnot,  first  showed  the  efficiency  of  a heat  engine  to  be 
dependent  upon  the  difference  between  the  temperatures  of  the  heat  'source* 
and  heat  'sink*.  Expressed  more  simply,  the  hotter  an  engine  runs,  the 
more  efficiorit  is  its  use  of  fuel. 

The  gas-turbine  engine  hao  many  advantages  over  the  reciprocating 
engine  for  land-based  vehicles.  NASA  studies  indicate  that  a gas-t-urbine 
operating  at  1650°C  would  be  equal  in  performance  to  that  of  a present-day 
eight  cylinder  engine  and  obtain  around  fifty  miles  to  the  gallon  of 
petroleum  fuel^^^.  In  addition,  turbines  do  not  need  to  bum  petroleum5 
they  can  be  adapted  to  work  on  much  lower  grade  fuels.  A fxixther  advantage 
is  that  the  better  combustion  obtained  under  the  higher  operating  temp- 
eratures should  lead  to  a reduction  in  the  emission  of  exha\iBt  pollutants. 

The  attainment  of  a 1650°C  operating  temperature  is  not  possible  with 
the  metal  alloys  presently  available,  even  the  most  resistant  being  prone 
to  oxidation  and  creep  at  temperatures  between  900°C  and  1100°C.  Ceramio 
components  are,  therefore,  essential  if  higher  operating  temperatures  fire 
to  bo  achieved.  The  creep  properties  of  two  nickel  auperalloys  and  two 
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corrxjiic  iiniterlala  ttro  coinpartxl  ixi  Iflguru  1. 

Ill  .'ulditlon  to  the  toduiical  adviuitiv7''*>  t)ie  uuo  of  eei^amlcu  ol'furu 
tliero  jurt)  nlao  importiuit  strategic  luui  oconointc  ccuisldoratioiiij  re*l,-itliig 
to  the  raw  matorlnls.  The  Buporalloys  ciirrontly  uoed  In  giin-turtir.o 
construction  juro  nviinly  alloys  of  Ni,  Cr,  Co,  W juid  Mi.  tuei,  except  for 
tho  last,  those  metals  come  chiefly  from  tlie  Soviet  Ihiion  -uul  nations 
of  ^iio  'Rdrd  World.  l\irthonnoro,  tlio  specific  cost  of  unsluipi  d super  - 
<xlloy  ln<?ot8  Is  of  tlie  onlor  of  ten  times  tliat  of  tho  elianunts  of  the 
oonilidate  ongiriooring  corrunlco,  which  tiro  almniLmtly  availahlo  to  all 
countries. 

For  various  roasons  which  will  bo  enlarged  ujion  later,  silicon 
nitride  luid  silicon  ciirbido  have  emerged  as  the  moot  promising  cerainlco 
for  lilgti  tomporaturo  onginooring.  An  indication  of  tho  carront  level  of 
Interest  in  tiiese  iiuitcrials,  particularly  the  nitixigon  cenuulce,  nviy  bo 
gJUVfod  from  tile  proceedings  of  tho  Hj'.uuiis  (ionferenco  on  "Oeriunics  for 
Higii  I’orfomionco  Applications"^'^  'Pills  conferonee  vrui  rej>orting  on  tiie 
U.S.  llovommont' s "Adv.uiced  Hoooe.reii  Ihojoois  Agency's  (AKI’A)  Brittle 
Materials  l)eslgn/Hlgii  'P  oiiijioratim-'  Gas  '1‘iirbino  l‘rivTi''un",  wiiloii  Is  concerned 
with  the  building  of  a euuill  AlK)  lip  veiiicular  type  fpis  turbine,  entirely 
from  commie  materials,  luid  also  to  demonstrate  oer.uiuc  viuies  operating 
at  1 3')G°G  in  a MW,  hji  power  giaierating  tiu'buu'. 

Tlie  direct  roplacoment  of  a metal  comiHinent  witli  a cei'.uaic  copy  is 
not  in  goneiTii  successful  because  too  miic.li.uneal  propi.-rtles  of  tiie  two 
materials  differ  too  widely.  If  commies  .'wro  to  be  used  as  tiiglily 
otressod  engineering  components,  then  prineiplee  of  design  specifically 
applicable  to  brittle  miitorialu  must  bo  adopted.  The  inherent  lack  of 
ductility  of  a commio  material  is  a major  factor  to  consider  in  the 
donl.'Cn  of  componunts;  wliilst  brittioneno  implies  I'eolst.uioo  to  cixiep 
deformation,  it  also  momis  that  local  stresses  emmot  be  relieved  by 
plantlo  flow.  Tlo  elimination  of  stress  conoentmtions  is  ttierwfore  of 
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lg.1.  Creep  properties  uT  two  nickel  suieraiioys 
and  two  ceramic  ii.aterlalo. 
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prlnviry  impcrtiuioo  In  ceramic  component  deai^i  jihilosoptiy.  Ae  well  (uj 
etroBB  concontratlons  arlolng  from  doalf;n  featuroa,  Inhoruiit  otrena 
rfvlaora  aro  alwiiyo  present  in  the  ceramic,  in  the  form  of  cracks  and 
inoluaiona,  and  it  is  the  task  of  the  materials'  scientist  to  mlnlmizu 
tho  uiao  ;uid  occurrence  of  these  microstructuml  inhomogeneitios,  Tlu) 
pix)blam  of  defining  tlic  engineering  strength  of  a brittle  luatori.vi  li;\a 
been  appro;ichod  throu^^h  the  xieo  of  statistics,  in  whicli  tJie  stron.s'th  is 
considered  in  teiros  of  the  probability  of  mirvival  of  a component  in  a 

(25) 

given  stress  situation  * ' . 

A number  of  engineering  ceramics  buave  been  considered  as  potential 
matorialo  for  use  in  hi/^-tcanporaturo  gas-turbines,  iu^d  it  is  possible 
to  ooloct  two  k«3y  properties  on  which  the  soloction  of  a nviterial  caij  bo 
baaod,  viz. 

1.  maximum  working  tecipomt\iro  (dependent  on  required  strorv^tli), 
and  2.  tiiermal  shock  rosiotiuice. 

Tiio  onginoering  ccrruaics  m.ty  be  eub-divtdod  into  oxidc^s,  c/irbidos, 
nitrides  <'uid  borides.  Oxide  materials,  such  as  alumina  ?uid  zirconia, 
aro  stable  in  oxidizing  onvlroiunonto  up  to  their  molting  points.  Tlio 
other  groups  roly  on  tho  fomuition  of  protective  oxide  films,  principally 
of  silica,  for  cliomical  stability  at  hl<^i  teurpoKituros,  For  this  reason, 
tho  cfirbidoD,  nitrides  and  borides  which  can  be  considorod  iaro  limited  to 
those  of  silicon,  i.c.  SiC,  ‘^id  SiB^. 

■nio  first  detailed  investigation  of  thomuvl  shock  roalot;uice  w;is  due 
to  Gleimy  mid  Taylor^^’^^  who  used  a fluidized  bod  tocliniquo  to  simulate 
tho  conditions  in  aiirraft  giis  turbine  nozzlo  guide  viuieo.  INro  Indices 
measuring  reslstanoo  to  thermal  shock  have  been  suggested  for  brittle 
miitorialB^^’\  vizj 

- eTi  «2  ==  e” 

wfioro  is  tho  tensile  strength,  JI  is  Yoiuig's  Modulus,  a the  coefficient 
of  thermal  expansion,  and  kin  the  thermal  conductivity. 
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io  applicable  to  rapid  temperature  cyclin^f  and  to  alow  thermal 
cycling,  and  both  indicee  indicate  the  importance  of  tho  thoiauil  cxpaneion 
coefficient.  When  uaed  in  conjunction  with  tho  rotiulta  of  Glenny  fuid 
Taylor,  these  indices  indicate  that  for  gas  turbine  applications  one  must 
look  for  a cemunlc  with  an  expansion  coefficient  of  loss  tlx;ui  “j  x 10  ^/^C. 
Hio  data  on  oxide,  carbide,  nitride  and  boride  cerrunics  have  bean 

(7) 

examined  by  Godfrey  , from  which  it  is  clear  that  silicon  c^irbido  :uid 
silicon  nitride  have  outstanding  thonmil  shock  roeistonce. 

While  it  is  clear,  both  from  an  ex;uninatlon  of  pi'oporty  d:ita  and 
frvan  published  thermal  shook  results,  that  silicon  carbldo  .and  silicon 
nitride  tire  tho  only  candidate  materials  for  gas  turbine  applications, 

(7) 

tho  choice  between  these  two  materials  is  not  so  clear.  Godfrey  ' 
concludes  that  silicon  nitride  io  to  be  prcferrt.'d  bo<j<iuso  of  its  superior 
thermal  shock  rosiotance.  Testing  of  ceramic  turbine  components  diiriiv; 
the  ARl’A  prog:-::unmo  referred  to  previously  has  also  ouggostod  that  silicon 
nltrldo  has  a greater  rosistance  to  severe  impact  iuid  thermal  shock 
conditional^’ . 

Both  silicon  nitride  fuid  silicon  carbide  can  be  fabricated  by 
rcnc.tion-bondin,,<,  convontioruil  sintering  or  hot-pressing.  Hot  pi.-ossed 
nuiterinls  are,  in  general,  fully  dense  and  have  very  higii  strength,  but 
only  relatively  simple  shapes  Ciin  bo  fabricated  by  this  ixmte  mid 
finisliing  Invariably  involves  oxiieiisive  diamond  imichining.  Tlie  react  Lon 
bonding  route,  wiiilo  it  loads  to  a uiitorial  considortably  less  dense  mid 
mechanically  weaker  than  that  acliieved  by  hot-pressing,  is  very  flexible 
as  frir  as  component  sliapo  and  dimenoiono  are  concerned.  Comi>onentn  of 
very  complex  shape  can  be  readily  fabricated  to  close  dimensional 
tolerances.  Conventional,  proBsureloss  sintering,  is  a relatively  new 
route  for  tho  fabrication  of  those  materials^ ^ ^ \ and  only  tho 
reaction-bonded  and  hot-pressed  forms  of  commuiv. ially 

avfiilable  at  tho  prosont  time. 
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Tho  typical  pTOportleo  of  reaotlcn-bonded  and  hot-proBuod  ullicon 

nitrido  are  aunmarleod  in  Table  1 . 

A new  claae  of  mntoriala,  known  by  tho  acronym  "alalon",  ia  also 

boin^f  developed.  The  "alalona"  are  oompoaed  of  allloon,  almlnium, 

oxygen  and  nitrogen,  but  reliable  property  data  are  not  yet  available. 

Hio  background  to  tho  pjceaent  atudy  ia  tho  extenaivo  research 

progToimno  eurrontly  pursued  in  tho  Department  wtiich  hr\a  ae  its  main  aim 

tho  control  of  mioroatructuro  in  RBSN.  Tho  knowledge  .iccuimilatod 

f 1 pi 

conconilng  tho  nitriding  of  higli  purity  eillcon'  ' ia  used  in  tho 
proeont  study  to  improve  imderotanding  of  how  tho  mechanical  8tr«ingth 
dovolopo  during  tho  reaction-bonding  of  a silicon  powder  conipiict,  with 
a view  to  optimising  engineering  proportioo  through  mlcrostructure 
oontrol . 


Table  1 : lltyBic 


Ibnopertioo  of  liBuH  and 
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2.  ItEVIEW  OF  igjlliBVAHT  LITERATOHE 

2,1  Crystal lo<g:Bj>hi.c  foms  of  the  compound  Bilicon  nitride 

IXirinft  the  fomation  of  a reaction— bonded  ailicon  nitride  cemmio 
(ICBSN),  tvyo  crystal  foms  of  silicon  nitride  are  coinaonly  encountered. 

1510  Ua3  fomn,  designated  a and  p,  are  both  hexagonal  and  tlieir  existence 


(15) 


and 


was  established  nearly  twenty  years  ago  by  Turkdogan  et  al, 
several  other  viorkers^^^’ Subsequently,  in  the  many  studies  aimed 
at  iLiproving  tlie  microstructure,  and  henco  the  engineering  proiierties  of 
t}ie  ceramic,  it  has  become  commonplace  to  roofer  to  tJie  a/p  ratio  of  the 
matei'ial.  There  is  little  definite  knowledge  concerning  tlie  relationsliip 
betijocn  tliis  ratio,  microstructure  and  properties,  but  a general  appreciation 
of  the  nature  of  tlie  two  crystal  modifications,  their  stability  and  tJie 
conditions  favourable  to  tlio  growth  of  each  form,  is  a prerequisite  to  a 
basic  study  of  the  microstructure  and  projierties  of  the  reaction-bonded 
material.  For  tills  reason  a brief  summary  of  tho  literature  relating  to 
the  two  crystallographic  forms  is  given  bolou. 

Tho  first  structure  determinations  were  carried  out  by  ll^rdie  and 
Jae’e'  who  established  that  the  essential  difference  between  c.-  and  p- 
ailicon  nitride  was  that  tlie  c-dimonaion  of  tlie  a-unit  cell  i^an  approx- 
imately tirice  that  of  tlie  p-unit  cell.  In  tlie  structure  of  the  p-form, 
os  proposed  by  Hardie  and  Jack,  each  silicon  atom  is  situated  at  tlie 
centie  of  a slightly  irregular  totraliedron  of  nitrogen  atoms,  each 
nitrogen  being  common  to  three  tetrahedra.  The  structure  can  also  bo 

considered  an  being  made  up  of  puckered  rings  of  Si^N.  units  as  shown  in 

j 4 

Piguro  2.  llie  structure  parameters  of  tlie  p-form,  determined  in  this 

initial  work,  were  subsequently  confirmed  by  Ruddlosden  and  Popper^ 

(l7) 

and  nxirc  rocently  by  Grieveoon  et  al.  . 

During  tills  early  period  it  was  a oorarxinly-hold  vlow  that  a-  and  p- 
silicon  nitrido  were  respectively  low  and  lii,'^i  tomivii’ature  modifications 
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2 s Structiujo  of  aljdia—  and  bota—ailicon  nltxida. 


a)  Baaio  Si.N.  unit. 

4 4 


b)  Beta- typo  layor  of  oii  basic  units. 

c)  Beta-silicon  nitride  structure. 

d)  Alpha-silicon  nitride  structure,  conaistinc 
of  alteniate  layera  of  beta  and  a mirror  of 
beta.  The  mirror  layer  is  displaced  by  -^43 
in  a (l10)  direction  relative  to  the  beta 
layer. 


Silicon  atom  - 0 


Nitrogen  atom  - 0 


Iteproduced  by  courtesy  of  D.R.  Nessior,  AjT.'y  Materials  and 
Mrchanics  Research  Center,  Waterto'mi,  Masnaohusotts,  U.S.A. 


of  the  nitridfi.  ISiiB  vleifpoint  arose  from  the  observation  that  \dien  a- 

silicon  nitride  was  lioated  at  tenrperaturee  in  exceso  of  1500®C  a conversion 

to  the  p-ciystal  occurred'  Supporting  ovidenoe  came  from  reaction- 

bonded  material  development  work  in  which  a general  observation  was  that 

at  reaction  tomperaturon  in  the  range  of  1250-13(X)®C,  the  ot-fo^vi  was  the 

major  product,  whereas  at  temperatures  in  excess  of  1400®C,  the  p-foim 
^ 1 6 ) 

predominated' 

During  the  last  decade  an  extensive  research  effort  has  been  under- 
taken at  the  University  of  Hewcaetle-upon-l^ne  to  re-exanine  the  crystal 
chemistry  of  silicon  nitride.  Ihose  studies  involved  a combination  of 
refined  X-ray  diffraction,  direct  oxygon  analysis  by  neutron  activation, 

and  an  attempt  to  establish  the  thermochemical  conditions  under  lAiioh  the 

C-ig') 

a-  or  p-phaaes  were  fomed,  and  in  1972  Wild  ot  al.'  ^ reported  that  a- 
silicon  nitride  was  in  fact  an  "oxynitride",  'Haey  proposed  that  tho  a-  and 
P-foms  wore  not  merely  low  temperature  and  Iiigh  temperature  structural 
modifications  of  the  same  compound,  but  wore  "higii  oxygen  potential"  and 
"loT/  oxygen  potential"  modifications  resipectively,  diey  described  the 
ct-form  e.s  having  a defect  structure  witli  oxygen  replacing  nitrogen  on  some 
sites,  nitrogen  TOcancies  in  othom,  and  with  the  appropriate  number  of 
silicon  vacancies  to  maintain  electrical  neutrality.  The  a-silicon 
nitride  used  weis  in  whisker  fbrm  and  the  studj'’  mi^^t  be  criticised  in  that 
it  did  not  take  into  consideration  the  presence  of  an  oxide  layer  covering 
the  whiskers.  That  suoh  a layer  exists  has  been  subsequently  confirmed 
by  Maruyaoa  and  SuzukL^^*^^  and  Evans  and  Sharp^^"'\  More  recent  observ- 

leave  no  doubt  that  the  a-form  can  exist  without 
the  level  of  oxygon  inroposed  by  Wild  et  al. 

The  present  concensus  of  opinion  concerning  the  a-  and  p-forms  is 
that  tliey  are  true  polymorphs  of  with  the  a-modlfioation 

being  a metastablo  form,  and  tliat  either  kinetic  factors  of  irapuritios,  or 
both,  verj'’  significantly  influenco  thn  nuclcation  and  growth  of  either  phase. 


Tj30  a-cxystai  struotaro  ie  stxainod  to  n gpoator  extent  than  tho 


[i-foEDtt  and  would  bo  expected  to  have  the  higher  free  energy'*^”'.  Bio 

observed  hi^  teinporaturo  conveieion^^^'^^’^^  of  the  a-fonn  to  tho  p- 

cryetal  structuze  suppoziiB  this  vlovpoint.  Other  supporting  ovidenoo  is 

that  the  fonnatlon  of  the  a— phase  appears  to  bo  favoiu?ed  by  reactions  in 

the  vapoxu:  state;  all  deposits  of  silicon  nitride  fozmed  by  chemioal- 

f ’SI  ^ 

vapour-deposition  are  found  to  bo  anorphouo  or  a— silicon  nitride'*^  and 
it  is  well  known  that  tho  a-phase  can  bo  prepared  by  reaction  between 

silicon  monoxide  and  nitrogen'  \ 

(53) 

Evans  and  Davidge'  and  many  other  workors,  have  shown  tho  prefer- 
ential formation  of  tho  p-form  vdben  the  reaction  between  silicon  and 
nitrogen  involves  silicon  in  the  liquid  state,  and  there  ie  also  some 
evidence  to  sxiggost  that  the  presence  of  aluminium  favours  tho  production 
of  tlio  p-ptiase  during  the  nitridation  of  silicon  pov;der^^^\ 

With  tho  available  evidenco  to  dato,  there  seems  no  Justification  to 
suppose  that  the  o-  and  p-forms  are  not  true  polymorphs  of  Si^N^,  and  it 
remains  an  open  qxiestion  whether  or  not  either  structure  is  stabilised 
by  impuiities. 


2.2  Hoaction-bonded  silicon  nitride 


2.2.1  Formation  of  the  ce 


techno lo 


science 


Essentially,  the  manufacture  of  a reaction-bonded  silicon  nitride 
(RDSII)  component  involves  heating  a preformed  silicon  powder  compact  in  a 
nitrogenoxis  atmosphere,  Hie  preform  can  bo  fabricated  from  the  silicon 
powder,  the  moan  particle  size  of  vdiich  is  typically  10  pm,  by  any  of  a 
variety  of  standard  methods,  including  die  or  isostatio  pressing,  slip- 
casting,  and  extrusion.  In  many  coses  a oomiiacted  blank  is  formed 
vdiich,  after  a short  sintering  in  argon  at  temperatures  in  the  region  of 
1200®C,  can  bo  machined  using  standard  metol-worldng  equipment.  Recently 
the  injection  moulding  of  plasticised  silicon  powder  lias  been  successfully 
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developed.  This  fabrication  route,  however,  involves  a special  firing  to 
bum  out  the  plasticiser. 

Having  formed  the  powder  compact,  it  is  then  nitrided.  Special  temi>- 
erature/time,  nitriding  schedviles  have  been  developed  and  these  frequently 
involve  two  stages;  one  during  which  the  nitriding  ccxnponent  is  held  at 
a temperature  below  the  melting  point  of  silicon  (1420°C),  and  a second 
during  which  the  temperature  is  raised  above  1420°C.  During  the  first 
stage  of  the  nitriding  process  a skeletal  structure  of  silicon  nitride  is 
developed,  capable  of  preventing  coalescence  of  the  silicon  during  the 
second,  high  temperature,  stage. 

The  nitriding  reaction  is  a slow  process  with  commercial  firing 
schedules  typically  extending  over  a few  days;  the  purpose  of  the  high 
temperature  stage  of  the  schedule  is  to  minimise  this  firing  time. 

An  unusAial  feature  of  the  reaction-bonding  process  is  that,  althou^ 
the  conversion  of  silicon  to  silicon  nitride  involves  a volAime  expansion 
of  approximately  22^o,  the  compact  changes  its  dimensions  bj'  only  of  the 
order  of  0.196  during  the  reaction  bonding.  This  dimensional  stability 
occurs  because  the  nitride  formed  by  the  reaction  is  accommodated  in  the 
voidage  of  the  silicon  compact,  and  it  removes  the  necessity  for  expensive 
diamond  machining  to  achieve  engineering  tolerances. 

It  is  clear  from  what  has  been  aaid  that  the  microstructure  will  be 


changing  considerably  as  the  reaction  proceeds  and,  in  particular,  the 
voidage  will  be  continuously  reduced  to  a final  level  of  approximately 
2096,  which  is  typical  for  RBSN, 


I 

I 

I 
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A more  detailed  description  of  the  manufacture  of  RBSN  components 
can  be  obtained  from  references  (35)  and  (56). 

Ihe  nitridation  of  a silicon  powder  compact  can  be  thought  of  as 
occurring  in  two  stages; 

1 . transport  of  nitjrogen  into  the  continuously  changing  pore 
system  of  the  compact,  and 

2.  reaction  between  silicon  and  nitrogen. 


i 

1 


Tho  slower  of  thoeo  two  prooossos  will  control  tho  overall  reaction  and 
the  poBsibillty  of  gua  access  control  must  be  consldorod.  It  Is 
ovidtwit'  ’ ' that  a critical  combination  of  compact  nizc  and  "green" 

density  exists  beyond  tdilch  gas  permeation  becomes  reaction  rate- 
restrictive  and  the  only  quantitative  data  available  is  that  by  Atkinson 

( 59) 

ot  al.  »dio  found  that  gas  flow  control  was  unimportant  for  compacts 
of  less  than  5-0  cm  diameter  (green  density  15OO  kg  m ^). 

Publialied  lata  would  support  the  view  that  tho  gas-particle  reaction 
is  tho  overall  rate-determining  stop  in  the  nitridatior.  of  small  (''•  1 cm 
dla.)  silicon  compacts,  the  rate  of  gas  flow  into  the  comivict  being  of 


minor  importance  until  critical  'green'  densities  and  compact  sizes  arc 
approached.  Messier  and  Wong^^^^  demonstrated  a strong  dopendence  of 

(59) 

reaction  rate  on  silicon  particle  size,  and  Atkinson  et  al.'  ' observed 
an  exponential  dependence  of  compact  reaction  rate  on  temperature.  Both 
of  these  obaer/ations  are  evidence  that,  in  small  comp;icts  at  least,  tho 
overall  reaction  rate— determining  stop  is  the  silicon-nitrogen  reaction 
at  tho  particle/gas  boundary.  The  present  state  of  understanding  of  this 
reaction  is  outlined  below. 


2.2.2  The  nitro^ren/silicon  reaction 

Under  most  conditions,  high  temperature  reactions  between  gases  and 
metals  result  in  the  formation  of  a uniformly  thick  film  or  scale  on  tho 
metal  surface,  the  most  widoly  studied  systems  being  those  associLted 
with  the  reaction  between  metals  and  oxygen.  The  initial  step  in  tlic 
oxidation  process  is  the  chemisorption  of  oxygen  on  to  the  metal  surface, 
followed  by  the  nucleation  of  oxide  at  favourable  sites,  for  example, 
impurities  and  tho  ends  of  dislocations.  The  subsequent  kinetics  of 
oxidation  depond  on  tho  typo  of  film  formed  and  its  growth  mechanism, 
and  can  usiially  bo  described  by  logarithmic,  parabolic  or  linear 
relationships.  The  logarithmic  law  describes  the  low  temperature 
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(Fo  < 200°C)  fprowth  of  very  thin  (lOO  2)  highly  protective  films;  at 
h.igher  temperatures,  thermal  energy  may  cause  continued  growth  by  ionic 
diffusion,  UBiJally  leading  to  a parabolic  time  dependence.  It  should  be 
stressed,  however,  that  a parabolic  dependence  may  also  result  when 
growth  is  controlled  by  gaseous  diffusion  through  fine  pores  in  the 
film^^^*^^\  The  linear  law  applies  to  the  Initial  stages  of  oxidation, 
before  diffusion  becomes  the  rate-controlling  process  and  also  ^dioncvor 
the  scale  is  non-protective. 

The  principles  pertaining  to  metal  oxidation  are  also  expected  to 
apply  to  the  nitridation  of  metals  and,  although  the  basic  oquatior.  for 
silicon  nitride  fonmation  is  simple,  viz: 

3Si(^j  + AG°  = -206  kj/mol.  at  1650°K, 

tho  reaction  mechanism  is  not.  Ttie  free  energj’^  change  is  tho  overall 
driving  force  for  tho  reaction  but  it,  of  course,  bo<are  no  relation  to 
the  reaction  rate.  Various  types  of  kinetics  for  tho  nitridation  of 
silicon  havG  been  reported  in  tho  literature,  including  parabolic ^ 
logarithmic and  sigiaoidal^^'^^  Much  of  the  literature,  however, 
describes  studies  carried  ovit  under  unsatisfactory  oxpcrimontal  conditions* 
silicon  purity  was  usueJly  not  greater  than  99%  and  uhe  silicon  particles 
were  normally  covort)d  by  a "native"  oxide  film  of  approximate  thickness 
3 

In  an  attempt  to  rationalise  the  sitxiation,  the  mechuiism  and 

kinetics  of  tho  nitridation  of  spoctrogitiphically  puro  silicon  havo  beon 

(12) 

studied  at  Leeds  and  the  rosilLts  recently  reported  . Tho  study  was 
piurt  of  an  overall  progrrunme  aimed  at  improving  tho  mechanical  properties 
and  reliability  of  RBSN  and,  because  it  provides  much  of  tho  background 
to  the  present  study,  it  is  necessary  to  describe  it  in  some  depth. 

Using  a theimogravimetric  method  tho  nitridation  kinetics  of  de- 
oxidised compacts  of  npcctrographically  pure  silicm  powder  wore  studied 
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as  a function  of  torapornturo  (l2t)O-1370°c)  and  proBsuro  ( 20-760  tojrr) 
and  tho  rouulta  aro  oummarlzed  bolow.  The  kinotico  could  bo  doscrlbod  in 
tho  followln/?  thitJG  ota^s: 

1 . a linair  ret^ian, 

?.  a rogioi.  < £ docroasln^  rate,  and 

5.  a "zero'*  mte,  althovi^  unnltridod  silicon  romfiinod  in  tho 
compact. 

Tho  mlcrostructuro  of  tho  gxowin^j  nitride  and  the  reaction  kinetics  were 
correlated  usin^  the  following  model. 

(a)  Flrot,  nitride  nuclei  form  on  tho  silicon  surface  by  a procoss 
Involving  chomi sorption  and  surfaco  diffusion  of  nitrogen.  The  areal 
density  of  nuclei  is  incroasod  at  hi^  pressure  and  low  temperature. 

(Pig.  5a.) 

(b)  During  stage  (a),  tho  nuclei  grow  both  latenlly  and  vertically 
and  pores  develop  within  the  underlying  silicon.  Tho  rate  determining? 
stop  in  probably  tho  combined  chemisorption  rmd  surface  diffusion  of 
nitrogen  on  both  tho  nitride  smd  silicon  surfaces.  Tho  migration  of 
silicon  to  f?rowth  sites  is  either  by  surfaco  diffusion  or  via  tho  vapovr 
phase  or,  probably,  by  a combination  of  both-  (Pig.  5b.) 

(c)  During  stage  (b)  tho  rato  at  which  silicon  is  supplied  to  tho 
growth  sites  decreases  as  exposed  silicon  surface  also  docroasos.  Tlio 
nitrld/ition  mte  therefore  dccroasos  and  is  controlled  by  the  trfuisiwrt 
of  silicon  from  remaining  free  silicon  mirfaccs.  (Plg.  5c-) 

(d)  Bvontiually  all  tho  silicon  surfaces  are  covered  by  nitride  and  tho 
reaction  effectively  stops.  (Pig.  54.) 

Tho  onset  of  stage  o depends  on  tho  toxtun'^  of  tho  nitride  layer; 
l/irge  gaps  between  developing  nitride  growths  being  more  difficult  to 
block  tluui  mnall  ones,  Honco  thicker  nitride  layers  are  produced  whoTi 


1^^,^ 


Of  the  111  tf  i dat.  i on  oi'  hlfdi 


1 J Icon 


.it'Lof  AlAinnon  et 


A BurpriBiii^f  oboorvation  made  in  the  utudy  wuo  th;it,  althov^?h  the 
nitridiition  r.itc  wio  lower  at  lower  nitrogen  proaaures,  the  amount  of 
nitride  oventaxlly  piX)ducod  wao  greater.  For  example,  it  wae  found  that 
for  pure  ailicon  nitridod  at  1370°C  in  1 atraouphore  of  nitrogen,  the 
reaction  ceaaed  after  7%  convereion,  wiioreaa  at  prooBures  of  nitrogeai 
bc'low  ^0  torr  converBions  of  greater  than  90?^  were  obtained. 


?.2.5  Impurity  offecta 


As  already  stated,  the  majority  of  tho  research  w'rk  concerned  witt; 
the  production  of  KBSII  liaa  boon  carried  out  on  coiinnorcial  (trsido  ailicon 
powders  containing  metallic  contaminants  at  the  1 /o  level.  Hiosu  powders 
also  contain  approximately  0.3  /o  of  oxygen,  a proportion  of  wiiich  exists 
an  a surface  layer  ef  silica.  Tho  ex,'ict  'imount  of  oxygi'n  present  thorc'- 
foro  depends  on  the  specific  surface  area  of  the  powder.  It  has  been 
reported'  that  other  sources  of  oxygen  in  commorciai  powders  arc  iron 
oxides  and  silicatoa  present  as  discrete  particles  in  tho  silicon  powder. 

The  role  of  oxygon  in  the  nitridtation  of  a silicon  powder  compact  is 
still  not  fully  understood  .'uid  the  situation  is  complicated  by  tho  fact 
that  the  majority  of  rose.arch  on  the  subject  has  been  carried  out  in 
sintered  alumina  fumaco  tubes.  A higii  purity  and  controlled  reaction 
environment  Is  not  possible  in  such  tubes  duo  to  the  loss  of  oxides  of  Si, 

Ca,  Ilg,  Na,  K and  A1  under  the  conditions  necessary  for  nitridation^^*^’^^*'’^^ 

(51 ) 

Sin  Shon  Lin  h/is  analysed  the  gaseous  reaction  products  during  nitrid- 
ntlon  in  a sintered  alumina  tube  and  )iir.  studies  showed  th;\t  tlio  oxygen 
content,  as  monitored  on  a nviss  spoctroraotnr,  of  tho  outgoing  gas  did  not 
decrease  oven  after  long  maotion  times  (24  hours).  Therefore  the  silicon 
powder  compact  cannot  bo  tho  Im^jo^  source  of  oxygtin  under  ouch  roaotion 
conditions. 


I 

I 

I 

I 
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T^ie  role  of  oxygon  and  moieturo  in  tho  iiitriding  atmoGtiliore  in 
producin<<  silicon  monoxide  gns  w:ib  first  suggi-stod  by  rror  and 
in  1967.  Tlioy  prop>OBod  tlvit  silicon  monoxide  wj^d  'continuously  docomposod 
and  reproduced'  but  gave  no  details  of  tho  reaction  mechanism  in  wtiich  it 

(^2) 

was  involved.  More  recently,  Klias  ;ind  Lindloy'"  ' found  tluit  tho  amount 

of  a-silicon  nitride  produced  in  tho  reaction  bctweoTi  silicon  powder  iuid 

nitrogen  was  proportional  to  the  oxygon  and  water  viipour  content  of  tlie 

nitriding  g\o  and  proposed  thfit  the  u-phaso  was  formed  by  a reaction 

involving  silicon  monoxide  and  nitrogon,  Tlioy  also  proposed  that  tlie 

P-fona  was  tho  result  of  a direct  silioon-nitregon  reaction,  probiibiy 

involving  silicon  in  the  vapour  phase.  Cainf)08-Ijoriz  and  Riley' have 

also  suggested  that  tho  form  in  vAiich  silicon  arrives  at  the  nitride 

growth  site  determines  the  crystal  structure  of  tho  silicon  nitride 

product,  and  that  tho  nitridation  process  consists  of  two  independent 

reactions,  an  a-formlng  and  a p-forming  one. 

Althou^i  oxygen  in  tho  nitriding  atmosphere  can  affect  the  silicon- 

nitrogen  reaction,  it  is  also  necessary  to  consider  tho  oxy^^ffn  present 

as  a layer  of  SiO^  on  tho  silicon  pn’ticles,  as  it  is  known  that  tb.ls 

native  oxide  film  rot.ards,  :uid  tliat  a thick  oxide  film  (l  ,.ni)  c.ui 

effectively  completoly  stop,  tho  nitridation  reaction''  '.  It  has  lotvr 

been  thou^t  that  the  presence  of  certain  metallic  impui-itioH,  jiiirt icuhirly 

iron,  in  tho  silicon  powder  assists  in  tho  removal  of  tho  oxide  film  fi\)m 

( 57 

tho  silicon  surface  ’ , Tlio  reirults  of  a recent  study  by  Boyer 

et  suggest  th'it  during  the  nitrictitlon  of  Iron-contaminated 

silicon,  disruption  of  the  surface  silica  occurs,  exposing  I'lvc  silicon 
and  allowing  tho  silica  layer  to  be  roiaoved  as  silicon  monoxide  by 

( t,7 1 

active  oxidation,  as  prv'posed  by  Wiigner 

Btiyor  et  al . proposed  tlmt  the  nitridation  of  oxlde-coveri'd  silicon 


in  tho  presence  of  iron  involves  two  iximllol,  indep»Mident  reactions: 


T 


1)  Surface  nucleatlon  and  growth  of  nitride  througli  the  oxide  layer, 

(56) 

a proceaa  which  has  also  been  siiggeated  by  Quttlnger  and  by  Measier 
and  Wong^^^^. 

2)  Oxide  removal  followed  by  furtl.er  nitride  nucleatlon  Induced  by 
the  preaence  of  Iron. 

(56)  (59) 

Boyer  et  al.  , in  a reanalyais  of  Atkinson  and  Moulson'a  data  , 
found  that  max  Inn  ui  nitridation  rates  and  final  wei^t  gains  wore  prop- 
ortional to  the  concentration  of  iron  in  the  silicon  powder,  suggesting 
therefore  that,  as  well  as  promoting  the  removal  of  ailicon,  iron  plays  a 
major  role  in  the  later  nitride  nucleation  and  growth  processes.  Liquid 
phases  are  a major  factor  to  be  considered  in  this  context  as  iron  forms 
a low  melting  point  eutectic  with  silicon,  and  it  has  been  shown  that 
iron- induced  enhanced  nitridation  ceases  below  the  Fe-Si 

solidus  temperature.  The  presence  of  FeSi^  during  the  nitridation  of 
commercial  grade  silicon  lias  been  confirmed  by  Messier  and  Wong^^^^  using 
electron-probe  mi crojuialy s i s . 

Other  metals  which  have  been  shown  to  increase  reactivity  are  Cr,  Mn 
and  and  Boyer  et  al.^"^^^  suggeat  that  in  order  to  enhance  nitrid- 

ation a metallic  contaminant  should; 

a)  dovitrlfy  eilioa  under  nitridirg  conditlonu, 

b)  form  a liquid  with  silicon  at  the  nltridlng  temperature; 

c)  nitride  less  readily  tium  silicon. 

It  must  be  pointed  out  that  the  results  of  Boyer  et  al.  only  apply  to 
the  nitridation  of  silicon  containing  iron  up  to  the  250  pjmi  level,  with 
no  other  metallic  impurities  present.  It  is,  therefore,  difficult  to 
relate  their  results  to  the  conmorcial  sitimtlisi,  wlicro  lnp\irlty  levels 
are  much  higher  and  tho  variety  of  impurity  muoli  greater.  Indeed  a general 
problem  in  underotanding  the  nitridation  of  silicon  powder  compacts  is  the 
difficulty  associated  with  invostlgjiting  the  intordci'ondonco  of  all  tho 


19 


Bignificant  vaxiablos  in  tho  aystco. 

Tiie  dlfferont  types  of  reaction  kinetics  described  in  Section  2.2.2 
have  probably  been  affected  by  tho  presence  of  differcait  Impurity  types 
and  levels  in  either  tho  silicon  powder  or  nitrogenous  atmoephoro. 
Impurity  phases  may  also  affect  the  microstructvire  and  properties  of  HBSH 
and  can  cause  gross  inhomogeneltles  in  the  material as  shown  in 

4. 

A clearer  understanding  of  the  role  of  impurity  phases  during 
nitridation  is  required  if  development  work  towards  an  improved  RBSN  is 
to  proceed  Intelligently. 


2.5  RBSN  Microstructure  and  its  Growth  Mechanisms 

As  stiossed  in  the  previoxis  section,  the  reaction  between  silicon 
and  nitrogen  can  be  influenced  by  very  small  amounts  of  impurity  assoc- 
iated with  either  the  silicon  or  nitriding  gas.  It  would  be  expected 
therefore  that  if  kinetics  are  so  affected,  then  growth  morphology  and 
microstructure  will  also  be  dependant  on  impurity  content.  There  is, 
however,  very  little  information  available  on  the  effect  of  impurities 
on  RBSN  microstructAires  and  the  published  work  to  date  has  sliown  a general 


^^^..coment  on  the  majcr  micro  structural  features 


(61,62,55) 


The  microstructure  of  RBSN  commonly  reveals  silicon  nitride,  un- 
reacted silicon,  porosity,  and  some  impurity  phases;  a ropresentative 
photomicrograph  is  shown  in  Fig.  5» 

In  tho  commercial  produiction  of  RBSN,  and  in  the  early  stages  of 
nitriding  at  temperatures  below  the  melting  point  of  silicon,  tho  form- 
ation of  a fibrous  mat  is  a common  feature  of  the  developing  microstructure. 
X-ray  analysis  of  the  silicon  nitride  formed  during  this  initial  period 
has  shown  that  it  is  mostly  of  the  a-forin^^^ * . The  growth  of  fin 
interpenetrating  mat  of  silicon  nitride  whiskers  w^b  first  described  by 
Parr  et  al.'  who  suggested  uhat  tho  mat  was  microporoun  and  permitted 


■h. 


4t  Isostatically  pressed  compact  of  Dunstan  and 
Wragg  silicon  powder.  Large  void  caused  1^ 
melting  of  impurity  jdiase  during  argon- 
sintering  at  1190°C. 

PhotcMnicrograph  by  courtesy  of  P,  Arundale, 
Dept,  of  Ceramics,  University  of  Leeds. 


F\Kt  -5.*  Reprosentativo  photomicrograph  of  a polished 
section  of  RBSN. 

Black  - porosity 
Grey  - silicon  nitride 
White  ••  silicon. 
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continuous  access  of  nitrogen  to  the  interior  of  the  compact  as  nitrid- 

atlon  proceeded.  A^ter  a skeleton  of  silicon  nitride  has  formed,  the 

reaction  temperatvire  is  usually  raised  to  above  the  silicon  melting  point 

in  order  to  increase  reaction  rate.  Ttie  residual  silicon  droplets  are 

converted  to  silicon  nitride  and  produce  polycrystalline  islands  of 

( 18^ 

dense  nitride  in  the  original  mat'  . The  use  of  temperatures  above  the 
silicon  melting  point  invariably  leads  to  an  increase  in  the  proportion 
of  p -silicon  nitride  in  the  final  product^^^\  but  the  exact  reason  for 
this  is  still  not  explained. 

The  pore  space  in  fully  nitrided  material  is  mostly  on  a size  scale 
of  leas  than  1 although  isolated  pores  as  large  as  5®  lim  aro 

so  common  as  to  be  properly  regarded  as  a principal  feature  of  the  micro- 
structure^^^^ , Evans  and  Davidge^^^^  found  tliat  on  nitriding  at  temi)- 
eratures  below  the  silicon  melting  point  the  largest  pores  in  the  final 
product  were  of  a sijnilar  size  to  those  in  the  green  compact.  On  nitriding 
at  temperatures  above  the  silicon  meltin,'^  point  they  detected  larger  pores, 
equivalent  in  size  to  the  maximum  silicon  particle  size,  and  concluded 
bhat  certain  silicon  particles,  when  molten,  had  flowed  into  the  stir- 
rouiiding  mat  resulting  in  the  formation  of  large  voids  in  the  material. 
Evans  and  Davidgo  aulso  showed  tliat  molten  silicon  will  wet  silicon 


nitride,  and  a more  recont  study'  ' has  confirmed  this  phenomenon  at 
elevated  nitriding  temperature^  viz.  1450°C.  Additionally,  it  was  ahown^^^^ 
that  Fe-Si  alloys,  which  are  molten  during  the  low  temperdture  nitridation 
stages,  1250-1350°C,  liavo  a very  small  contact  angle  with  silicon  nitride 
at  these  temperatures.  In  impure  powders,  therefore,  it  is  nocessarj^  to 
consider  the  possibility  of  large  flaws  being  produced  by  the  flow  of 
such  alloys. 

Whiskers  of  silicon  nitride  are  nearly  always  formed  dxiring  the 
nitridation  of  impure  silicon  powder.  That  the  growth  of  silicon  nitride 


2? 


whiskers  may  be  InTluenced  by  impriritles  in  either  the  silicon  powder  or 

('Yj) 

nitriding  atmosphere  was  first  proposed  by  Popper  and  Ihiddlesden' 

( 10) 

and  Parr  and  May'  found  that  the  presence  of  oxygen  <and  hydrogen  in 
the  nitriding  atmosphere  was  essential  for  the  growth  of  whiskers  under 
their  experimental  conditions. 

Ihere  are  numerous  gas/metal  reactions  in  \hich  whisker  formation 
has  been  observed^^^’^^’^^  but  the  amount  of  reaction  product  contained 
in  whiskers  usually  represents  a minor  part  of  the  total.  Althou^^ 
whisker  growth  greatly  increasos  the  total  surface  area  of  the  system  in 
which  it  occurs,  there  is  no  evidence  that  the  growth  of  ^iskers  has  a 
marked  effect  on  the  overall  gas/metal  reaction.  Indeed  the  coverage  of 
the  metal  surface  afforded  by  whiskers  is  very  small,  and  Per  Kofstad'  ^ 
suggests  that  whisker  formation  is  not  a normal  oxidation  phenomenon,  and 
probably  occurs  as  a result  of  effects  secondary  to  tho  major  reaction. 
Whisker  formation  during  the  reaction-bonding  of  silicon  powder  compacts, 
however,  has  been  considered  to  bo  of  major  importance,  and  it  has  been 
suggested  that  the  strength  of  the  ceramic  is  due  to  the  formation  of  an 
interlocking  mat  of  whiskers^^^^  and  many  studies  of  whisker  gro\rth  aiid 
morphology  in  the  silicon/nitrogen  system  have  been  vmdertaken. 


Evans  and  Sharp' from  transmission  electron  microscopy  examin- 
ation, described  t^-ro  major  types  of  vrtiiskers: 

1)  Long,  narrow  vrtiiskers  having  a diameter  of  O.O5  in,  and 

2)  relatively  coarse  fibres  of  0.2  nm  diameter. 

The  coarse  fibres  exhibited  a dark  core  region  along  their  axis,  thou^t 
to  be  the  original  whisker  onto  which  further  silicon  nitride  had  grown 
during  the  later  stages  of  the  nitriding  process.  Cored  fibres  have  also 
been  reported  by  Danforth  and  Richman^'^^\  who  described  the  inner  core 
as  crystalline  and  the  outer  sheath  as  £unorphous,  as  determined  by  the 
lack  of  tilt  contrast  of  tho  outer  sheath  vdien  examined  by  transmission 


?4 


eloctron  microscopy.  Dtinforth  and  Richman  found  that  uomo  fibrus  had  a 
helical  b<anded  structure  and  they  proposed  that  this  wriS  due  to  the 
eegre^^jit ion  of  impurity  bands  tis  a vapour/solid  interface  progrossod 
helically  along  the  axis  of  the  fibre.  The  cored  fibres  were  not 
observed  to  exhibit  impurity  bands. 


reported 


The  presence  of  beads  on  the  tips  of  some  whiskers  has  been  widely 

(70.45) 


and  is  in  accordance  with  the  vapour/liquld/solid  growth 


( 71  ^ 

mechanism  proposed  by  Carr  and  Bartlett^'  , who  foimd  tint  whiskers 


comprised  a mixture  of  alpha-silicon  nitride  and  Pe_SiO , . Iron  is  a 

<-  4 


common  silicon  powder  contaminant  and  the  presence  of  the  low  melting 


point  (1220°C)  iron  disilicido,  FeSi^,  in  RBSN  h.as  been  reported  by 


Godfrey  and  Lindloy^^^\  and  liessier  and  Wong^^^\  Not  all  wldskors. 


however,  exhibit  the  characteristic  foat\ire  of  the  VLS  mochrinism,  and 
therefore  it  is  likely  that  more  than  one  growth  mechanism  is  involved 
in  wliinker  formation. 

One  other  possibility  is  tliat  whisker  growth  may  be  controlled  by 


surface  trsinsport  in  a "quasi-liquid"  iripxirity  ph.aso  layer,  .along  the 

(68) 


surface  of  the  whisker,  as  suggested  by  Pfefferkom  and  VaJil' 

ITie  formation  of  granular  silicon  nitride  during  the  reaction-bonding 
process  has  not  received  the  attention  afforded  to  the  wliiokcr  phase 


foraation.  The  granular  form,  usually  considered  to  bo  ;1 -silicon  nitride. 


is  found  as  discrete  grains  surrounded  by  the  whisker  mt'  , ;md  nvans 


(61) 


.(62) 


ajid  Sharp^  s\v?^sted  th*at  tho  p-grf\ins  wore  formed  by  a liquid/vapotir  reac- 


tion but  they  did  not  ^u^y  possible  ^p^>wth  meclianism.  In  contrast, 

(70) 


Darifoi’th  .and  Richm.an'  ' proposed  tluit  the  P-phase  was  nucleated  at  the 
solid  silicon  surface  and  grew  into  the  silicon  particle,  with  tho  rate 
controlling  process  being  the  solid  state  diffusion  of  nitrogen  through 
tho  p-lattice  to  the  nitrido/silicon  interface.  Tlie  22S^  volume  Increase 
on  conversion  wr\s  accommodated,  according  to  Thnforth  and  Kichimm,  by  tho 
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transfonnation  of  tho  eillcon  structure  from  diaxoond  cubic  to  the  denser 
hexagonal  form. 

The  well-formed  prismatic  crystal  liabit  exhibited  by  the  majority  of 

(72) 

p-grains  , and  tho  increase  in  the  amoiint  of  p-typo  product  formed 
wticn  the  temperature  is  raised  above  tho  silicon  melting  point,  sugi^oots 
that  much  of  the  p -silicon  nitride  present  in  RBSN  is  formed  via  crystall- 
isation from  a liquid  phase.  Liquid  piiase  reactions  are  also  possible 
below  tho  silicon  molting  point,  in  impure  powders,  both  iron  and 
aluminium  form  low  melting  point  eutectics  with  silicon,  at  1220°C  and 
577°C  respectively.  The  phase  diagrams  of  Fe-Si  and  Al-Si  are  shown  ii:i 
Pig.  6. 

The  review  so  far  has  been  concerned  with  the  microstructural 
characteristics  of  the  nitride  developed  during  the  nitridation  of  impure 
commercial  silicon  powders.  The  microstructure  of  KBSK  produced  frem 
spectrographically  pure  silicon  powder  under  carefiully  controlled  atmos- 
pheric conditions,  however,  has  been  studied  by  Atkinson  et  and 

one  m£ijor  feature  of  the  work  was  that  no  whisker  or  fibre  morphologies 
were  observed  in  the  r?ingo  of  nitrogen  pressure  and  temperature  invest- 
igated. It  seems  therefore  that  wiiisker  formation  is  associated  with  im- 
purities, possibly  including  tho  silica  layer  covering  the  silicon,  in 
the  nitridation  system. 

For  a silicon  powder  compact  of  green  density  1500  kg.m  \ the 
original  porosity  can  only  accommodfite  50/)  of  tho  nitride  formed  and 
therefore  at  least  5C^o  must  be  formed  within  the  original  boundaries  of 
the  silicon  particles.  This  fact  would  seem  to  have  been  ignored  in  many 

(12) 

of  tho  microstructural  studies  of  RBSN;  but  Atkinson  ot  al.'  have 
provided  microstructural  evidence  of  tlie  formation  of  porosity  and 

silicon  nitride  within  the  silicon  partLclos. 

(731 

In  a previous  paper  by  Atkinson  ot  al.  it  was  siiggcsted  th  t the 
porosity  in  the  silicon  was  generated  by  vacancy  condensation  following 
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"tho  aoli.d— stato  dlff^iaion  of  eillcon  'thxou^^  a cohoioni:  nitxidB  layor> 
as  depicted  in  Fi^*  7 > ^t  further  studies  of  both  mioxostructuxe 
kinetics  vex©  made  and  it  bocaae  evident^ that  the  poxosity  was 
generated  by  the  transix>rt  of  silicon^  either  by  the  vaiwur  or  s\irface 
diffusion  routes,  to  nitride  gxovth  sites;  this  mechanism  is  shoun 
schematically  in  Pig.  3. 

Bie  nucleation  and  growth  mochanism  dosoribed  by  Atkinson  ot  al.  is 
described  more  fully  in  Section  2.2.2,  and  is  similar  to  that  proposed 
by  Bernard  et  al.  'to  explain  the  nucleation  and  growth  of  cuprous 
oxide  on  copper. 

^e  microstruetural  observations  made  by  Atkinson  et  al.  showed 
that  the  texture  of  the  nitride  product  was  a function  of  nitrogen 
pressure  and  temperature,  but  it  is  not  yet  known  whether  such  textural 
differences  would  have  any  significant  effect  on  the  propertiee  of  the 
oeramic  body. 

2.4  I-feohanical  Properties 

2.4.1  General  •principles  relating  to  the  strength  of 
brittle  materials 

A brittle  material  can  be  defined  as  one  in  which  tlae  work  of 
fracture  is  low,  and  the  strsss/straixi  relationship  remains  linear  up 
to  the  point  of  fracture,  no  recognizable  plastic  flow  preceding  fracture. 

In  general  \dth  ceramics,  a situation  exists  in  which  texture,  that 
is  macroscopic  arrangement  of  phases,  dominates  structure,  i.e.  lattice 
axTangoment  of  atoms,  in  determining  mechanical  properties,  and  cmrently 
attainable  strengths  are  oonsidorably  below  estimates  predicted  from 
theoretical  considorations.  The  practical  strengths  of  ceramics  are 
limited  by  tho  preoonce  of  cracks  and  flaws,  and  ceramic  materials  have 
a oharactoristic  value  of  critical  strain  (tho  ratio  of  fracture  strength 
to  Young's  modulus)  of  10  The  elimination  of  flaws  lias  boon  attompted 
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Pig, 7,  Solid-state  diffusion  model  for  the  nitridation 

of  silicon. 

(a)  Silicon  is  covered  with  a layer  of  nitride. 

(b)  Outward  mi{;ration  of  silicon  leaves  vacancies 
in  the  silicon  lattice. 

(c)  The  vacancies  condense  to  form  a pore  at  the 
nitride/silicon  interface. 

(d)  The  nitride  grows  into  the  pore  and  the  pore 
migrates  into  the  silicon  particle. 
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for  glass  by  Ernsberger  and  theoretical  strengths  were  approached  in 
this  case*  In  most  ceramic  systems | ho\jever,  the  complete  removal  of 
strength-limiting  defects  is  not  possible. 

Hie  concept  of  a stress  concentration  effect  associated  vlth  a crack 
was  examined  in  1915  toy  Inglis^^^^  vbo  found  that  the  stresses  at  the  tip 
of  an  elliptical  crack  are  much  larger  than  elsewhere  in  a stressed  body. 
Hie  tensile  stress  at  the  tip  of  such  a crack  in  a uniform  tensile  stress 
field  is  given  by: 


- 2 a-  (-) 
a '•p' 


where  cr'  is  the  applied  stress,  c is  half  the  crack  length,  and  p is  tlie 

radius  of  earvature  at  the  crack  tip. 

In  the  above  equation  it  is  possible  to  set  the  concentrated  stress 

(a-)  equal  to  the  theoretical  stress  for  fracture,  and  solve  the  equation 

for  the  applied  stress  required  for  freusture.  In  practice,  however,  a 

lack  of  knowledge  concerning  the  tlieoretical  fracture  stress  and  p makes 

determination  of  extremely  difficult. 

ill) 

Griffith'  ' derived  the  same  square  root  dependence  of  strength  on 
Oracle  length  by  etasuming  that  tlie  change  in  sti'ain  energy  as  a crack  grows 
is  equal  to  the  energy  necessari''  to  produce  the  new  surface.  Hiis  leads 

to  the  well-known  criterion  for  fracture: 

1 2BY.  i 

= 4 C-ri)  (2) 


\diero  cr^  is  the  critical  applied  otresc  for  failure,  E is  Young’s 
modulus,  is  the  thermodynamic  surface  energy,  and  Y is  a constant 
dependent  on  crack  geometry. 

In  contrast  to  equation  (l),  the  Griffith  criterion  can  be  used  to 
establish  fracture  conditions  provided  it  is  recognised  that  tlie  surface 
energy  term  must  take  account  of  all  chniaicol  and  meclianioal  processes 
occurring  at  the  crack  tip  during  fracture. 


colculatod  tho  work  required  to  close  up  a small  portion  of  a crack  by 
oupcrpoaitionin^  appropriate  forcoe  alou^  tlie  czuck  surface. 

Irwin  calculated  tho  work  roqulrod  to  close  up  a crack,  per  luiit  of 


its  length,  as: 


(3) 


Cionvoroely,  Irwin  reasoned  that  tlio  same  amomt  of  otorod  onorgy  muiit  be 

released  wiien  a crack  io  allowed  to  extend  by  unit  lei^gth,  and  thus  named 

G tlio  "strain  energy  release  rate". 

Unlike  Griffith,  Irwin  did  not  specify  that  cracking  involved  only 

tho  appearance  of  tho rmo dynamic  surface  energy  but  tliat  enor^  dissipation 

could  involve  other  procGSBOc  occurring  at  tho  crack  tip,  for  example, 

plastic  deformation.  Irwin  simply  stated  tliat  crack  extension  would 

occur  v/hon  G in  equal  to  a critical  value  G . For  materipJo  which,  on 

c 

fracture,  lack  any  meclianism  of  energy  dissipation  other  tlian  tlie 

appearance  of  thermodynamic  surface  onorgy,  tlion  G = 2V..  (in  cases 

c x 

whore  dissipation  by  other  proccssoo  io  involved,  tlion  i"  ,,  tlio  fracture 

r 

onerfy,  is  tlic  appropriate  parajiictor. ) I'rom  oquation  (3)  then: 

K = and  for  a crack  of  lei^rth  2a  in  a bod^'  subjected  to  a 

strino  <7-  : K = cr-  Y(2a)^. 

Tlio  "critical  stroos  intensity  factor"  K^,  wliich  io  tlio  value  of  K 
corresponding  to  the  critical  value  of  providen  a useful  moans  of 

characterizing  tho  strength  of  a material  and  of  calculating  tlio  critical 
defect  size,  and  io  a material  constEUit  dependent  on  plysioal  procesoos 
occurring  at  tho  crack  tip  during  fracturo. 

io  oxtensivoXy  used  for  material  specdLfication  in  engineering 
applications,  but  tlioro  are  problems  associated  with  its  raeasuromont  in 
brittle  inhomogonoous  ceramic  materials,  iiarticularly  wlien  tlio  introduction 
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of  artificial  cracks  arc  involved  in  tho  moasurinf^  teclmique,  'I'hn 
inmodiate  snrroimding  of  the  artificially  introduced  crack  may  bo  very 
different  from  that  in  tho  vicinity  of  tho  critical  flaw. 

Jbr  tho  above  reasons,  is  not  extonaively  applied  to  brittle 
materials  development  work,  but  it  can  be  used  to  f^vo  useful  semi— 
qviantitativo  guidance  to  tho  designer  concerned  with  coraia.i  c roatorial 
specification. 

2»4»2  Moclianical  proportieo  of  RBSH 

The  strength  of  RBSN  has  naturally  attracted  very  considerable 
rosoarch  and  devolopnont  interest  and,  althou^i  much  data  are  contained 
in  the  literature,  they  ropresont  a wide  range  of  sample  prep>aration  and 
measuring  techniques.  Hiio  review  will,  therefore,  not  give  close 
consideration  to  any  particular  irublished  valiies  of  laochanical  inx)portios, 
but  rather  will  bo  concerned  wit]',  the  more  general  offocts  which  fabric- 
ation and  processing  variables  can  have  on  tho  achiovod  strength  values. 

Tlio  fabrication  of  tho  green  body  can  Imvo  a pronounced  effect  on 
tho  resulting  proportios  of  tlio  filed  ceramic,  and  the  claoice  of  sliaping 
process  and  powder  particle  size  and  size  distribution  are  all  important 
considerations  in  tliio  context, 

Becaiiso  of  die-wall  friction,  dio-pressing  of  silicon  powder, 
whether  uniaxial  or  biaxial,  produces  laminations  in  the  green  structure 
and  relics  of  tlicsc  will  bo  present  after  n.itridin,g,  therefore  this 
fabrication  process  cannot  bo  considered  if  optianum  strength  is  sou^^Iit. 
Isostatic  pressing  olijuiimtos  many  of  tho  problomc  associated  with  die- 
prossing,  but  caroful  tailoring  and  control  of  the  iirocoos  is  still  vorj’^ 
necessary  if  laminations  and  internal  flaws  are  to  he  avoided.  Hirdi 
strorvrth  RBSl!  can,  at  tho  present  time,  bo  produced  from  ixnwdor  comivicto 
prepared  by  the  flame  sprayln/r^^'^^  and  3lip-castin,g  routes,  both  of  which 
are  potentially  capablo  of  producing  homogenoouo  particle  packiJV!:  and 
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hip^i  green  doiieitlea;  however  groee  inhomogeuoitioa  can  bo  encountered 
in  tlie  elip-caating  route 

All  t.’ie  mechanical  proportioc  of  IffiflN  are  dependent  on  tlie  donoity 
of  the  nitrided  eilicon  i)owder  compact.  Itupture  nodulue  values  for 
densities  of  2200  and  2600  kg.m  are  apiODiimatoly  100  and  200  ICtn 
resptjctivoly  and,  according  to  Bamby  and  Taylor''  , the  dopondonce  of 
Young's  raodulus  on  porosity  for  fully  nitrided  material  obeys  tlie 
empirical  exprossion; 

E = (1-2.2  P^) 

vdiero  is  tlie  modulus  value  of  fully  dense  silicon  nitride,  i.e. 

~ 310  Crlto  , and  is  the  volume  fraction  of  pores.  Fracture 

surface  energy  data  cover  a wide  range  of  values,  but  for  material  of 
—3  —2 

density  2600  kg.m  a typical  value  would  be  10  Jm  . A summary  of  the 
proiierties  is  given  in  Table  2. 

The  effect  of  the  initieJ.  silicon  particle  size  on  tiie  strengtJi  of 
the  ceramic  lias  been  the  subject  of  study^*^^'^^^  and  tlie  concensus  of 
opinion  is  tliat  the  smaller  tlie  silicon  particle  size  the  greater  tlie 
potentia"'  for  producing  a hifdi  strength  reaction-bonded  material.  15110 
is  particularly  so  if  a reaction  temjioratuce  abovo  1420'0  in  employed 

(33) 

during  the  process,  since  Hvjins  and  Lavidge'"  lis.ve  sliov.'ii  tluit  tlio 
molting  and  subsequent  flow  of  residual  silicon  particles  into  tlio 
su.rroruidin<T  structure  can  bo  the  ooiuxso  of  largo  stron^rth-controlling 
defects. 

Starting  with  a amall  silicon  particle  size  (tyiiically  « 3 dm)  aid 
good  compaction  procedure  aro  obvious  necossarj'  pixicursorr.  to  the 
dovolopmont  of  a vjiiformly  fine  scale  texture  to  the  green  mi cron true turn, 
A further  advantage  of  very  small  silicon  parl-iclos  is  tluxt  bonauso  tlio 
surface  area  of  a given  powder  compact  in  inversely  proportional  to 
particle  sizo  and  under  oonflitiono  when  the  reaction  rato  In  controlled 


“*2 

Youn^’e  Modulua/GN.m 

Itoference 

98 

2000 

Parr  and  May  (lB) 

170 

2400 

11  II  II 

210 

2650 

n M II 

126* 

2370 

Ilato  (01) 

140* 

2500 

II 

175* 

2700 

II 

125 

2460 

Bamby  and  Taylor  (79) 

134 

2780 

II  M II 

140* 

2400 

Jones  ct  ai.  (69) 

155* 

2610 

Dalcloish  & Pratt  (61) 

137* 

2350 

It  II  II 

Itupture  ModulusAlN.m 

110 

2200 

Parr  and  May  (I8)  | 

210 

2650 

11  II  M 1 

1 

204 

2600 

Thompson  & Pratt  (82) 

200 

2300 

Jones  Lindley  (85) 

146 

2330 

Bamby  & Taylor  (79) 

ConpcreosivQ  StronKthAlN.m 

•2 

705 

2650 

I’Brr  and  May  (l8) 

I’racture  Surface  Enerrar/J. 

m-2 

23.5 

2550 

Bamby  & Taylor  (79) 

23.5' 

2530 

11  11  It 

G,0 

2550 

Evans  and  Davld^  (55) 

j 30.0'' 

2610 

Dolffloish  Si  Pratt  (6l ) j 

1 10.0  _ __  __ 

2610 

II  II  t1 

dotonninod  by  a dynamic  tGchniquc, 
*^value  obtained  iisin^  blunt  notchoo. 


Table  2;  I-fechanioal  Proportias  of  1G3SN 
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by  the  goa/portlole  reaotion,  nitriding  tljoBs  con  be  kept  short.  Althovigh 
the  use  of  Bmeull  particles  can  offer  benofite  it  does  present  problems 
also.  I^rticle  agglomeration  and  poor  powder  flow  characteristics  can 
lead  to  low  density,  inhomogenoovis  'green  oompacto*. 

Ihe  reaction-bonding  temperature  and  its  relationship  to  achieved 
strongtli  values  has  received  much  attention  in  tlw  oommercial  production 
of  the  ooramic,  not  only  becauno  of  the  possibility  of  the  particle 

iihenomena  mentioned  above,  but  also  because  of  local  melting 
caused  by  reaction  exotiionns  and  low  melting  point  impurity  phases. 

Many  production  xirocesses  now  employ  a long  firing  schedule  during  idiich 
the  temperature  io  iwt  raised  above  1500"C,  This  however  is  not  belov;  the 
solidus  temijerature  for  the  Al-Si  and  Pe— Si  eutectics  which  are  the  most 
common  low  melting  point  materials  likBly  to  be  encountered.  The  use  of 
tliese  low  temperature  schedules  has  resulted  in  much  improved  rupture 
modiHus  values,  and  the  removal  of  impurity  jihases  may  enable  the  strengtli 
to  be  improved  still  further. 

The  significeuice  of  impurity  phases  in  any  consideration  of  the 
strongtli  of  KBGN  has  recently  been  illustrated  in  studies  of  the  hi^i 
toinj)eraturo  creep  charaoteristics  of  the  material.  It  has  been  suggested 
that  impurity  phase  segregation  at  grain  boundaries  can  causo  visoous 
flow  and  groiii  boimdary  sliding  in  some  reaction-bonded  silicon  nitrides 
nt  elevated  temperatures,  i.e.  1200°C, 

Solali  ud  Ihn  and  Nioholson^^^^  found  that  the  developoent  of  tri- 
angular grain  boundary  voids  war  a oharactoristic  feature  observed  diiring 
the  lii^-tomperaturo  creep  of  KBSN,  and  they  reported  tliat  tlie  steady- 
state  creep-rate  could  bo  halved  by  I'oducing  the  calcium  leral  in  tlie 
Silicon  nitride  from  0,1  to  0.04  /o.  Siiecti^grapliic  examination 
revealed  tliat  tlio  grain  boxmdary  impntrity  phase  was  probably  Ca0-2Alj,0^- 
23i0p,  tlie  rofractorinoDB  of  wliich  increases  os  the  CaO  oontent  is 
lo\m’ed.  Marcus  ot  al.'  provided  ouppxDrting  ov.iilonoe  for  such  grain 
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boundary  segref^atlon;  by  Auger  analyeis  they  found  segregation  of  Ca,  A1 
and  0^  on  the  surfawes  expoaed  by  room  t«nperature  fracture  of  BBSN.  Bio 
interpretation  does  rely  on  the  correotiiess  of  the  assumption  of  a pre- 
dominantly intergranular  fracture.  The  oocurrenoe  of  Ca,  A1  and  Og  in  a 
fracture  surface  (eussumed  grain  boundary  region)  has  also  been  reported  by 

CsS ) 

Mangels'  , and  he  found  that  after  nitriding  similar  silicon  powder  in 
an  atmosphere  containing  1,8%  H2,  no  trace  of  Ca  or  A1  oo\ild  be  detected, 
Mangols  was  able  to  correlate  the  loss  of  Ca  and  A1  with  improved  strength 
and  creep  resistance  of  the  KBSN  at  temperatures  up  to  1400®C, 

The  hi^v-temperature  strength  beliaviour  of  KBSN  is  shown  in  Fig.  8, 
llie  data  are  not  entirely  consistent  for  the  rupture  modulus  but 

this  is  probably  due  to  different  impurity  types  and  leyels  in  the 
starting  po\;der,  Uioso  mateznals  exhibiting  a decrease  in  cr^  at  temp- 
oratxares  > 12CXD®C  also  show  an  increase  in  <7"^  up  to  this  point.  Con- 
current witli  the  increase  in  cr"^  there  is  a decrease  in  Young’s  modulus 
(e)  and  an  increase  in  the  fracture  surface  energy  (Yp);  the  effects 
are  irrobably  associated  with  the  onset  of  pleisticity  in  the  material. 

Returning  to  the  room-temperature  mechanical  pcroperties  of  KBSN, 
most  studies  have  been  conoemed  with  the  fracture  mechanics  approach, 
and  have  reported  values  of  and  Tp  for  a variety  of  silicon  powders 
and  nitriding  procedures.  Vfhilst  providing  useful  general  data  relating 
to  tlio  engineering  application  of  the  ceramic,  tlais  type  of  approach  has 
done  very  little  towards  gaining  an  understanding  of  the  actual  developoont 
of  strength  during  reaction-bonding.  Biore  is,  in  fact,  still  no  answer 
to  the  question:  ’hov;  is  a weak  particulate  compact  transformed  into  a 
strong  silicon  nitride  ceramic?' 

The  only  long  term  systematic  effort  to  understand  the  way  in  which 
the  mechanical  strength  of  KBSN  develops  during  tlio  reaction-bonding 
process  has  been  made  by  the  group  at  the  Admiralty  Marino  Technology 
Establishment.  Althoxi^  their  prime  objective  is  to  optimise  tloe 


meclanioal  propertioa  of  comaorcial  material,  throu^  control  of  the 
various  processing  iiarameters,  tiiey  have,  'en  route*,  sou^^^t  eui  under- 
stiuiling  of  the  basic  science  of  the  strength  development  process. 

llifa  recently  reported  W3rk  of  Jonec  ct  al. ^ was  a continuation  of 
a provxoUB  study  by  Jones  eind  Lindlay'  ' in  which  it  was  fo\md  that: 

(i)  for  powders  in  general,  linear  relationships  exist  between  the 
rupture  modulus  (a'^)  and  the  density  ( measured  at  Dtagrs 
throu^  the  conversion  process  j 

(ii)  for  a given  silicon  powder,  cr^  lias  the  same  value  for  a 
particular  independent  of  the  green  density  ( f"’  ). 

Die  surprising  observation,  tlierefore,  is  tJiat  the  value  depends 
only  upon  and  not  on  the  phase  composition  of  tlie  partially  nitrided 
compact  (Si,  porosity).  That  is,  for  a given  the  strength 

is  the  same  even  though  materials  produced  from  relatively  low  green 
density  compacts  contain  a relatively  greater  proportion  of  silicon  nitride. 

Tlio  above  findings  provided  the  background  to  the  more  recent 
etudy^^^\  in  which  an  attempt  wan  made  to  describe  a microstructural  model 
whicli  would  explain  tlie  observed  cr^/  relationsMp.  Moaaurements  of 
c^,  E,  V , and  were  made,  from  which  val'uos  of  Yp  and  c ^rere  calculated. 
It  \m.B  hypothesized  that  the  relationship  referred  to  in  (ii)  above 

holds  bocauso  all  the  tiiree  strength-controlling  paranetero,  E,  Yp  and  c, 
are  the  same  for  compacts  nitridod  under  tlie  same  conditions,  but  liaving 
differing  iihaso  compositions.  Tlao  microstructural  model  invoked  as 
explaining  the  above  hypothesis  is  outlined  below: 

1,  When  the  isostatically  pressed  powders  Imvo  been  sintered  in 
argon,  prior  to  machining,  the  silicon  particles  are  joined  by 
necks  of  silicon  or  silica  derived  from  tlie  oxide  surface  layer 
present  on  the  original  partioles, 

2.  During  the  early  stages  of  nitridation  the  inter— ptirtiolo  nocks 


Eire  removod. 


3.  Silicon  nitride  bogina  to  form  in  tlia  void  eparo  betwoon  eilioon 
particloc,  resulting  in  tlio  dovelopraent  of  a oontinuoun  skclet,J- 
nrtvork  of  vdiiaker-liko  silicon  nitride,  ITie  donaij. j. cation  of 
tlvis  network  on  further  nitridation  given  rise  to  the  linoeir 
portionn  of  tho  K/  rolntionahips. 

A low  greon  donaity  (igd)  material  will  have  a larger  avera/'O  pox^' 
siEO  tlian  a higii  greon  density  (liTd)  material,  and  Jonec  et  suggeat 

tliat  at  a particular  value  of  then  the  coiaponaating  groator  aac.unt  of 

converoion  in  tho  Igd  compact  will  lead  to  the  eamo  valuoa  for  o in  tlxe 
two  materials . 


The  fact  that  tho  Yoting'o  modulus  values  of  tiio  two  material  e are 
equal  ia  oxplaiiiod  by  tlie  fact  tliat  a proportion  of  the  silicon  nitride 
formed  does  not  contribute  to  tho  Dtiffnoso  of  the  dovoloping  otructum. 

Hic  larger  void  space  in  the  Igd  material  would  result  in  a greater 
proportion  of  "redundant"  eilioon  nitride  in  tliis  material.  Therefore, 
at  a particular  even  thou^i  the  ctarting  values  differ,  tho 

amount  of  silicon  nitride  contributing  to  the  stiffness  of  tlio  material 
is  tho  same.  It  is  also  suggested  tliat  a higher  degree  of  converf^ior.  fr'i."- 
silicon  to  silicon  nitride  will  bo  required  to  form  a continnouc  neW."!^ 
in  the  more  porous,  Igd  stiructuro, 

Jones  ot  al.^  offered  no  suggestiona  to  explain  tho  oquival ence 
of  fracture  surface  energy  values. 

Tho  above  model  is  open  to  criticism  and  iiarticularly  no  ic  t ie  u.  i^oct 
concoming  strength  development  in  tho  nitriding  silicon  compjict.  F'-rtliei-^ 

more,  it  must  bo  ompliasized  that  tlie  green  density  range  covered  by  tho 

-3 

study  was  only  1530~1550  kg.m  . 

Jones  ot  al.^^^^  consider  the  strength  of  tho  matorisll  to  rc'side  in 

(32) 

a siceletol  v;hiskor  network.  However,  an  Tliorapnon  and  Pi-att  h'ivT4 


already  pointed  out,  if  tlie  strength  inu;  primarily  due  to  a vliiolnr  not- 
werlc,  it  is  difficult  to  sec  wh^'  it  sliould  b2  oo  dependent  on  porosity. 
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and  they  concluded,  thoroforo,  that  it  is  largely  dependent  on  the  amount 
of  intergranular  contact  and  the  propertiee  of  tho  bulk  material.  Bie 
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whioker  mat  wore  responaible  for  the  strength,  a greater  projwrtion  of 
tranogmnular  fracture  mif^t  bo  eipcctod. 


Hio  linear  relationship  between  Young’s  modulus  and  nitridod 
density  observed  by  Jones  et  was  foimd  to  extrapolate  to  tho 

modulus  value  for  fully  dense  hot-preosed  silicon  nitride,  and  it  is  not 
oasy  to  reconcile  this  linear  extrapolation  with  the  proposed  model.  If 
a proportion  of  tho  silicon  nitride  formed  during  the  early  stages  of  tho 
reaction  dees  not  contribute  to  the  Young's  modulus  of  the  atructuro 
until  tho  later  stages  of  conversion,  then  during  these  later  stages 
Young's  mcdtilus  shoiild  show  a stronger  dependence  on  density  than  the 
early  stage  linear  dopondonco.  Put  another  way:  if  tho  initial 
relationship  wein  only  dopondont  on  donsification  of  a v/hisker  mat,  tho 
samc’  relationship  cfoinot  doscribo  the  concurrent  effects  of  contjjuiing 
netvrork  donsification  and  the  involvement  of  rrevioiisly  "redundant” 
silicon  nitride. 

An  important  observation  made  in  the  study  deecribed  above,  and  in 
several  others  by  tho  same  group,  is  tlio  influonco  of  nitrogen  flow  rate, 
d\iring  conversion,  on  tho  strength  of  tho  resulting  liBSlT.  Materials 
produced  under  'static'  nitrogen  conditions  have  shown  50%  hi^er  rupture 
modulus  values  compared  with  EBSII  produced  in  flowing  nitrogen,  and 

(69 

similar  increases  have  been  observed  for  Young's  modulus.  Jones  et  al. 
argoo  that  the  critical  defect  size  (60  pm)  is  appreciably  smaller  in 
KBSiI  produced  under  static  conditions  than  that  (100  pm)  produced  under 
nitrogen  flow  conditions. 

It  shoTild  be  borne  in  mind  that  in  order  to  calculate  tlva  critical 
defect  size,  tlio  fracture  sxirfc-xje  energy  must  bo  Icnown.  At  the  iJrosont 
tiij»,  values  of  "Tj,  show  such  a large  spread  that  it  would  seem  unwise  to 
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h ; 

N 


40 


ploco  too  much  confidonixj  in  the  ootiinato  of  a erliioul  dofoct  oizio. 

fp  moas 
-2(79) 


Values  of  Yp  moaaurod  by  aovcral  toclmiqxios  aro:  6 Jm  11.4  Jm 


tuul  23.5  Jm 


for  RBGN  of  similar  donoity.  It  is  not  surprising, 


thoi-oforo,  tliat  ostimatos  of  critical  tlofoct  sizo  can  range  from  20 

,(79) 


(5?) 


to  no  largo  an  4OO  mn' 

A.ltho\i^i  tho  factors  affecting  tho  strongtli  of  ItKiH  aro  not  very  well 
undorotood,  tho  ntrongth  of  tJio  matorial  available  for  onginoorin/^ 
npplicatioiuj  contlnuoo  to  be  inpneovod.  lk)wover  tliio  improvtsmont  in 
properties  liao  mainly  boon  due  to  improved  procossing  loading  to  a 
steady  increase  in  density  of  tho  ceramic.  Very  little  irapj^ovoraent  lino 
been  duo  to  tho  microstructural  onginf.-ering  npirroacli,  and  this  in  a 
subject  requiring  further  otudy. 


L 


5.  MKi  OV  TtW  OTUD\ 


4> 


the  hletory  of  tho  develoiweiit  of  renctlraj- bonded  ullLoiui 
nitride,  tauiituiale  h;iH  been  placed  on  tho  Idontl float liin  of  otrongtii- 
oontnollijvt  doferte  in  tho  ceramic  Ixj-ly.  Tlio  undoretondln^j:  of  wt^y  tho 
uvttorlnl  In  wtvik  lo  a perfectly  valid  rv>uto  to  Improving  tlio  mocluuilctil 
VH>rfoniuuji-o  of  iui  on^ituierln#?  inj\torial  but  only  ii^cainet  tho  hack^^Tviiaul 
kiiowliKb^ti  of  vrtiy  tho  nvitoriiil  ixienooHoe  mocluuilcal  eti'uivfth.  Tlilo  in 
{wrlloularly  linpt>rtiuit  In  tho  cuibo  of  HBSN  wtiem  the  nticrtiiv  matorlo,!  in 
u UKinoly-boi’nd  i>owilor  conn)uct.  In  tho  author'n  opinion  tint  ntroiiKtli 
dovolopln^^  prooonBon  occurring  in  the  uilioon  jxiwdor  ooiiiivict  diiriii^ 
nitritliition  luivo  not  Ix'on  inifficlontly  Invnnti/^atod  <uid  wliort'  ntudion 
have  bt'iui  attomptod  vuuxit Infactory  exporlinontal  conditiojin,  iwurtioularly 
nlllcon  purity,  hiivo  iiuinkod  liio  Iniportiuit  fo.ituron  of  uilioon  nitrido 
^rrowth  iuid  c.iuniwot  lulcrxmtructui'O. 

( 111’) 

An  tvurly  an  1')h6  Tlionpnan  luid  1*11111'  ‘ ^ ankod  wliy  tho  nti>iii,7th 
nlunild  bo  no  doponiUait  on  ixiixinity  If  tho  uuitorial  wjin  pwdomliuint  ly 
Ixnidod  by  a iivit  of  nil  Icon  nitrido  whinkorn.  Tl»o  iuicoi*tainty  nurmundiiv^ 
ntrtm^th  dov  1 1 ojuiutn t in  HlklN  ntlll  ttxintn  todjiy  luid  in  typified  by  th«> 
appiMnu\cti  in  tlui  1 i ttirjitnr*!  of  luinubntantiatod,  complex  nitrido  ^Mwtli 
luid  mi<Tontructuni  I dove  l(>ixiiont  m«>cluuil  lunn. 

'Ilio  aim  of  tho  prono.nt  ntudy  wan  to  attimipt  to  identit'y  tho  Uinic 
m«x'h.iJil  mil  of  react  ion-lxindtiiK  luid  to  rolati'  thin  to  tho  dovi'loirumt  of 
otr»«vcth  In  tin*  jxjwilor  com{vict  during?  nitridation.  In  oiilor  to  ac.hiovo 
thin,  two  onnontialn  am  lu'connitry : 

1.  'Dio  ability  to  ronolvi*  HHIIN  micixintmcturi'n  in  or\it>r  to  roctiKnlno 
Im^xirtiuit  foaturon  of  ntmiv^th  dovoloi*ni«it  in  tho  oixnixiot. 

?.  An  accumto  tiivlox  of  ntroivifth  dovoloixiumt  that  will  rx>floot  tho 

fo.il;iiH'n  of  ntron^^th  dovolojxiant  .md  lx*  eonnitivo  to  ch-Ui,v"on  In  tho 


n t iMiij^  thoi  1 i mt  !c  h.  u I { I mi . 
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In  view  of  the  two  essentials  outlined  above  the  study  was  based  on  the 
nitridation  of  high  purity  silicon  powder  (99.99?0.  and  strength  develop- 
ment was  monitored  by  the  measurement  of  Young*  s modulus  by  an  accurate 
dynamic  method.  The  normal  index  of  mechanical  strength  used  in  studies 
of  HBSM  is  the  rupture  modulus,  cr'^,  but  in  view  of  the  large  number  of 
samples  required  for  an  accTorate  assessment  of  ■:?  this  method  was  not 
suj-table  for  the  present  study. 

In  addition  to  the  higli  purity  silicon  powder,  a commercial  powder 
of  similar  particle  size  distribution  was  utilized  in  the  study  to  provide 
a comparison  between  the  pure  and  commercial  systems. 
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4.  APPAR/iTUS  AMD  EXPtMIMI'jn’AL  raOOEDUKl*; 


4. 1 Material  H 

4.K1  Prer^irotion  of  allicon  powdern 

Silicon,  in  the  Torm  of  undoped  Bemiconduotor  grade  ingotB,  wau 
ohtainod  from  Monsanto  Ltd.  of  Ghent,  Delgiun. 

The  ingots  were  impacted  against  each  other  in  polythene  Ixigs  to 
produce  pieces  of  size  approximately  A"  wtiioh  were  then  milled  for  three 
minutes  in  a stainlear  steel-lined  "Sluittorbox"* . 

The  resulting  powder  was  classified  in  a series  of  bronze  meuh 
sieves,  the  friiction  between  55-6^^  m being  retained  for  the  production 
of  splierical  silicon  powder,  and  the  fniction  below  45  I' m for  nxiking 
powder  compacts. 

Bt?cau3e  the  metallic  impurities  introduced  during  the  comminution 
and  classification  procedures  described  above  wore  all  soluble  in  hydro- 
cliloric  acid,  pure  powder  fractions  could  be  obtained  by  wiisliing  in  1M 
hydnchioric  acid  for  7?  hours  followed  by  distilled  water.  After-  this 
wasiiing  procedure,  the  powders  wore  dried  In  air  at  4G°C  for  4D  hooit,. 

A commercial  silicon  powder  marketed  by  Koch-Liglit  laboratorios  writ) 
also  used  in  the  study.  This  powder  was  clasulfiod  in  order  to  remove 
p;ud.iclou  larger  thmi  45  imi,  but  It  was  not  acld-wachod. 


4.K?  tbroduction  of  Bx4ier(.'Ldizod  silicoti  powder 

Tlio  process  adopted  for  the  production  of  spherical  silicon  powvler 
WHS  bastid  on  the  free  fall  of  irregularly  sliaped  powder  paorllcLps  througli 
a hot-zone  of  sufficlont  temperature  and  length  to  cause  each  particle  to 
molt  and  bo  reshaped  into  a sphere  by  surface  tension  forces.  Tlie  moltivi 
spheres  continued  their  free  fall  tlirougli  a cooler  zujio  for  mitficient 
time  to  permit  solidification.  This  general  prlticiple  is  disousaod  in 
tl.S.  Patent  No.  ?, 050, 251  (1936),  iUid  also  by  Walill  et  al.^^"\ 

■» 

Pl?uiot;iry  mill,  supplied  by  Glen  Croston  Ltd.,  St.uunore,  Ihglond. 
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The  ophcroidizin^  appnxatus  is  shown  difi^.immtically  in  Figure  10. 
The  IXimuice  comprised  a 35  nan  intomai  diameter  alumina*  furnace  tube 
wound  with  1 mm  diameter  molybdenum  wire,  operating  up  to  1800°C.  Tl.o 
molybdenum  winding  was  protected  by  a flowing  95/J  ^2  mixture. 

The  heating  zone  was  300  mm  in  length  with  a hot-zone  of  + 5%  of  the  peak 
temperature  over  the  central  50  mm.  The  temperature  of  the  hot-zone  was 
measured  using  a Pt-5%  Rlv^^“205o  Rh  thermocouple  situated  inside  the 
furnace  tube. 

In  order  to  ensure  maximum  heat  transfer  between  the  fumacetube 


wall  ana  the  silicon  particles,  and  also  to  prevent  silicon  oxidation,  a 
hydrogen  atmosphere  was  used  inside  the  spheroidizing  apparatus.  Prior 
to  the  introduction  of  the  hydrogen  atmosphere,  the  apparatus  was  flushed 
with  hi^-purity  argon. 

The  rate  of  feed  of  the  silicon  powder  was  controlled  by  a ground- 
glass  ball-valve  operated  throtigh  an  'O'-ring  seal.  A uniform  powder 
feed  was  achieved  by  using  an  electric  vibrator  attached  to  the  side  of 
the  vessel  containing  the  silicon  powder.  The  glass  powder-feed  vessel 
was  attached  to  the  spheroidizing  furnace  tube  via  a water-cooled  'O'-ring 
vacuum  union. 

The  spheroidizod  powder  was  collected  in  a copper  tube  of  internal 
diameter  25  mm  and  length  65O  mm;  the  upper  120  mm  of  the  collecting  tube 
was  water-cooled  in  order  to  aid  solidification  of  powder  particles. 

A series  of  preliminary  experiments  was  carried  out  to  optimise  the 
conditions  for  the  spheroidlzatlon  of  the  acid-washed  Monsanto  silicon 
particles  (53-65  Hm).  As  a result  of  these,  the  operating  conditions  were 
subsequently  fixed  as  follows; 

(a)  a downward  flow  of  hydrogen  of  250  cc/min. 

(b)  a powder- feed  rate  of  < 10  g/hovi,  and 

(c)  a hot-zone  temperature  of  1720°C. 

* 

All  alumina  used  in  the  study  was  "Putox"  giade  sintered  alumina, 
supplied  by  Morgan  Refractories  Ltd.,  Neston,  Wirral,  Cheshire,  U.K. 


P1g*10.  Apparatua  for  apheroid  • /.at  ion  of  silicon 
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Tho  effects  of  vrtriations  in  the  above  conditions  on  particle  aliapo 
are  shown  in  li^uro  1 1 . 

After  spboroidization,  the  particles  wore  passed  throng  a 65 
bronze  mesh  sieve  to  remove  agglomerates  and  then  wfiahed  in  hydrochloric 
acid  as  described  in  Section  4. 1.1. 

Photomicrographs  of  spherical  silicon  produced  under  the  optimum 
experimental  conditions  are  shown  in  Figure  12. 

4 . 2 Powder  Compaction 

Powder  compacts  were  prepared  by  isostatlc  pressing  in  a cylindrical 
thln-wulled  rubber  mould  at  pressures  up  to  550  MNm  . 'Hie  size  of  each 
compact  was  approximately  60  mm  x 20  mm.  A thin  glass  slide  was  used  for 
the  cutting  of  green  silicon  powder  compacts  into  rectangular  bars  of 
30  X 5 X 5 nxn*  The  use  of  a glass  slide  enabled  tolerable  dimensional 
accuracy  to  bo  maintained  and  contamination  of  the  silicon  compact  was 
avoided. 

The  dependence  of  green  compact  density  on  compaction  pressure  was 
investigated  for  Honsanto  powder  < 45  microns  and  Koch-Light  powder  <.  45 
microns,  and  tho  results  are  shown  in  Table  3. 


— 

Pre  0 suro/t'INm 

- y 

Monsanto  density/  > 

Koch-Lifdit  density/ 

leg  m~^  , 

kg  m“^  I 

Powder  feed/g^ir. 

Tfflup/C 

flow/cc/min. 

a 9 

1720 

250 

b 9 

1680 

250 

c 15 

1680 

250 

1 


all  particIPG  6jA^fTi 


12s  Spherical  silicon  produced  under  optiinum 
experimental  condit  ions . SH-l . 

I 

I 


1 

i 

1 


i 


i 


1 

} 

I 


% 


I 

i 

i 

I 

I 

I 

1 


I 


50 

_2 

For  preamires  above  I40  MNil  probloms  were  ericountei^d  with  the 

compact  cracking  on  ranoval  from  the  movLld.  The  use  of  a powder  binding 

a^fent  was  not  attampted  as  it  would  have  introduced  an  unwanted  impurity 

variable  during  subsequent  nitridation  and  therefore  all  powder  compacts 

_2 

wore  isostatically  pressed  at  I40  Mllm 

Polished  sections  of  green  compacts  of  Monsanto  and  Koch-Light 
powders  are  shown  in  Fig.  15. 

4. 5 Nitriding  Ftimane 

The  essentials  of  the  nitriding  apparatus  were  a nitrogen  purification 
and  supply  line,  a furnace  operating  ac  temperatures  of  1200-1500°C,  a 
suspension  system  enabling  the  sample  to  be  moved  in  and  out  of  the  furnace 
hot-zone,  a vacuum  and  gas  pressure  control  system  and  provision  for 
monitoring  the  experimental  conditions.  A diagram  is  shown  in  Figure  14* 

The  nitriding  gas,  'White  Spot*  nitrogen  (<  5 PPm  passed 

through  a flow-meter,  an  oxygen  trap*,  and  a vertical  column  of  phosphorous 
pentoxide,  and  entered  the  furnace  through  a needle-valve.  The  vnter 
vapour  level  of  the  outgoing  nitrogen  coiild  be  measured  by  an  electrolytic 
hygrometer  , typical  values  being  < 5 ppra.  A fixed  pressure  of  nitrogoii, 
in  the  range  0-760  torr,  could  be  maintained  in  the  apparatus  by  the  use 
of  the  "manostat",  which  is  described  in  detail  in  Figure  I4. 

The  furnace  comprised  an  alvmiina  tube  (32  mm  i.d.)  carrying  a 1 mm 
diameter  molybdenum  winding,  and  an  alumina  "work"  tube  (28.3  mm  i.d.) 
which  passed  throu^  the  winding  tube.  The  furnace  case  was  continuously 
flushed  with  a N^5%  gas  mixture  to  protect  the  winding  from  oxida,tion, 
Vacuum-ti^t  connections  to  the  alumina  work-tube  were  made  via  water- 
cooled  ’O’-ring  sealed  brass  end-fittings.  Teeperature  control  v'as 
* 

Alltech  Associates  "0xy-Tm,p",  Illinois,  U.S.A. 

Salford  Electrical  Instruments  Ltd.,  Salford,  U.K. 


I 


'*3;  Green  compact  atructuro  of  isostatically 

pressed  (a)  Monsanto  and  (b)  Koch-Ligiit  99.9% 
silicon  powders. 

Polished  secticns,  reflected  light. 
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mm. 


achieved  via  a Pt-59fillv^Pt-209filh  thermocouple,  with  ite  hot- Junction 


poaitioned  adjacent  to  the  furmice  winding.  The  temperature  at  the 

oample  pioeition  (hot— zone  length,  20  mm  to  +,  2.5*^C)  waa  measured 

independently  before  each  nitriding  run. 

The  silicon  sample  was  contained  in  a perforated  alumina  crucible 

H attached  to  a molybdenum  suspension  wire,  and  could  be  moved  in  and  out 

■j 

of  the  hot-zone  using  the  winch  mounted  above  the  furnace. 


4-4  Thennogravimetrlc  balance 

llie  thermogravimetric  apparatus  used  in  this  study  waa  that  designed 

(12) 

specifically  for  the  work  of  Atkinscm  et  al.'  'in  which  the  recording 
of  small  weight  changes  was  necessary. 

The  thermobalance  was  designed  around  a "Microforce  Balance"*.  It 
had  a capacity  of  19  g,  a dynamic-range  of  3 g,  and  a resolution  of 
+ 100  ng.  The  apparatxia  and  associated  equipment  are  shown  schematically 
in  Figure  I5.  Provision  for  the  continuous  monitoring  of  weight, 
temperature,  water  vapour  and  oxygen  was  available,  and  nitridatlon  at 
pressures  below  atmospheric  was  controlled  using  a Cartesifin  m/inostat. 


The  work- tube  was  of  'Purox*  alumina  and  was  heated  using  a molybdenm: 
resistance  winding  on  a surrounding  al\amina  tube.  ITie  molybdenum  was 
protected  from  oxidation  hy  high  purity  nitrogen  so  as  to  ensure  that 
gas  oompositions  both  inside  ;md  outside  tiie  nltridation  tube  wore 
substantially  the  same. 

Ihe  nitrogen  ('White  Spot'  grade)  wjis  p\irified  using  an  'Oxy-trap* 
p to  ireduce  the  oxygen  content  to  below  1 ppm  and  a phosphorous  pontoxido 

i ' colximn  to  reduce  the  water  vapour  content  to  3 ppm. 


*C.I.  Electronics  Ltd.,  Salisbujy,  U.K. 
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4*5  Teohnlq\iea  for  etudvim?  phase  morphology  and  conrooaltlon 


4.5.1  Optical  microscopy 

Polished  sections  of  specimens  for  examination  in  reflected  light 
vrere  prepared  by  embedding  the  specimen  in  a room-tanperature  curing 
epoxy  system.  Prior  to  onbedding,  the  viscosity  of  the  rosin  was  re- 
duced by  warming  to  60°C  to  improve  the  degree  of  impregnation  of  tho 
porous  samples.  After  16  hoxirs  at  room- temperature,  curing  was 
completed  at  60°C  for  two  hours. 

A flat  specimen  surface  was  prepared  by  hand-grinding  with  1200 
mesh  silicon  carbide  abrasive  powder  on  a flat  glass  plate.  In  the  case 
of  friable  samples  this  preliminary  grinding  stage  was  omitted,  in  order 
to  prevent  damage  by  the  abrasive. 

After  grinding  with  silicon  carbide,  the  specimens  were  ultra- 
Bonically  cleaned  in  a "Teepol"  solution. 

Ike  cleaned  flat  sections  were  polished  in  two  stages  on  diamond 
impregnated  cloth  laps,  carrying  respectively  6pm  and  1pm  diamond 
abrasive.  Ultrasonic  cleaning  was  carried  out  after  each  stage. 

In  some  cases  a final  relief  polish,  with  a suspension  of  0.25 p n 
aiumina  on  a cloth  lap  was  used. 

Silicon  grain  structures  were  examined  by  etching  with  a 5% 
solution  of  sodium  hydroxide  for  five  minutes  at  100°C. 

4.5.?  Scanning  electron  microscopy 

Fracture  eurfacea  were  examined  on  a "Cambridge  S600"  microscope. 

A oondiicting  surface  was  obtained  on  the  samples  by  a deposit  of  gold/ 
palladium  applied  prior  to  examination. 

4.5.3  X-ray  analysis 

Powder  samples  of  less  than  45 ® particle  size  wore  prepared 


using  the  "shatterbox"  with  a tungsten  carbide  lining.  The  crystalline 
phases  present  in  the  material  were  identified  by  X-ray  diffraction. 


A line  sciui  of  a typical  eamplo  of  RBSN,  using  GviKa  rtidixition  lb  sliown 
in  Figure  16, 

The  relative  proportions  of  a-  and  p-silicon  nitride  in  each  samplo 
were  determined  from  the  peak  heights  of  the  p(210)  and  (i(l02) 
refloctions  using  the  calibrjition  chart  shown  in  Fi^jure  1'/. 

4.6.  Measurement  of  lounges  Modulus 

4.6.1  Dynamic  Young* s Modulus  determined  by  an  electrobtatic  drive 
and  detection  method. 

I^namic  methods  for  the  determination  of  the  elastic  moduli  of 
materials  have  been  in  use  since  1950,  and  the  original  work  wtis  ire- 
viewed  by  Ide^^^^  in  1955.  The  basic  roquiranente  of  such  methods  are 
an  arrangtament  for  vibrating  the  specimen  and  a means  of  detecting  the 
resonance  condition.  Both  the  "drive"  and  "pick-up"  may  be  imignetic, 
piezoelectric  or  electrostatic.  In  the  present  study  the  electrostatic 
method  was  employed.  An  early  description  of  this  method  is  given  by 

(95)  (96) 

Bancroft  and  Jacobs  ' and  more  recent  reviews  arc  given  by  Bavis 

(97) 

and  by  Booker  and  Saga  . 

Tiie  mathematical  description  of  the  dynamic  mechanical  behavloui'  of 
materials  is  given  in  Appendix  1 . 

To  determine  the  fundamental  resonant  frequency  of  a specimen  it  is 
convenient  to  make  dynamlo  measurements  on  a i*ectangular  bi\r,  cl.ampod  at 
its  mid-section,  and  to  drive  and  detect  by  methods  which  do  not  impart 
any  mechanical  loading  on  the  ends  of  the  specimen.  The  olectrostatio 
drive  and  detection  method  fulfills  these  requiroraents. 

The  olectrostatio  method,  in  which  the  drive  is  obtained  by  the 
application  of  an  alternating  voltage  to  a capacitor  formed  by  the  end 
of  the  specimen  and  a small  fixed  plate  jwirallol  to  It,  is  applicable  to 
longit\idan-al  vibrations  in  metal  btus.  Non-conducting  materials  can  be 
used  if  they  ore  coated  with  a suitable  conducting  layer.  Since  the 
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means  of  excitation  and  detection  make  no  physical  contact  with  the 
specimen,  there  is  negligible  loading  on  tho  sample  and  its  resanaiit 
frequency  can  be  measured  to  a high  accuracy,  typically  1 in  10^. 

The  theory  of  electrostatic  drive  and  detection  is  given  in 
Appendix  2. 

In  the  present  study  it  was  necessary  to  determine  values  of  Young' s 

-2  -2 

modulus  in  the  range  20  GKm  to  200  GNm  at  RBSN  densities  of  1900  kg  m 
to  2400  kg  m The  maximum  length  of  the  samples  w;\b  limited  to  5 cm 
due  to  the  dimensions  of  the  nitriding  furnace  and  the  problems  associated 
with  the  Isostatic  pressing  of  aamples  of  large  length  to  diameter  ratio. 
The  above  factors  are  related  by  the  expressions 

-4  ? 2 -2 

E = 4 X 10^  X nip  Nm 

whore  E is  Young's  modulus,  n is  the  fundamental,  longitudinal,  resonant 
frequency,  1 is  tho  length  of  the  sample  in  mm,  and  p is  the  density  in 
g cm  From  this  expression  the  range  of  frequency  expected  to  be 
oncoTjntered  can  bo  calciilated,  i.e.  50  kHz  - 100  kHz. 

The  electrostatic  method  covered  the  required  frequency  range  and 
also  enabled  an  accurate  determination  of  Young's  modulus  to  bo  made. 

4.6.2  "Electrostatic"  apparatus 

The  apparatus  is  shown  in  Figure  18. 

The  oscillator  was  a Wayne-Korr  A.P.  S121  Signal  Generator,  covering 
a frequency  range  1Hz  to  120  kHz,  in  44  overlapping  bonds.  Stability  wiu' 
within  1 part  in  10^.  The  output  signal  was  sinusoidal  with  a r.m.s. 
vitoi  g|  A JreqiMooy  Keter  was  used  to  monltox 


means  of  excitation  and  detection  make  no  physical  contect  with  the 
specimen,  there  is  negligible  loading  on  the  sample  and  its  xeaonant 
frequency  can  be  measured  to  a hl£d>  accuracy,  typically  1 in  10^. 

The  theory  of  electrostatic  drive  and  detection  is  given  in 
Appendix  2. 

In  the  present  study  it  was  necessary  to  determine  values  of  Young's 

-2  -2  - 
modulus  in  the  range  20  GiJm  to  200  GNm  at  RBSN  densities  of  1900  kg  m 

to  2400  kg  m The  maximum  length  of  the  samples  was  limited  to  5 cm 

due  to  the  dimensions  of  the  nitriding  furnace  and  the  problems  associated 

with  the  Isostatlc  pressing  of  samples  of  large  leoigth  to  diameter  ratio. 

The  above  factors  are  related  by  the  expressions 

E = 4 X 10^  X n^l^p  Nm“^ 

vdiere  E is  Young's  modulus,  n is  the  fundamental,  longitudinal,  resonant 
frequency,  1 is  the  length  of  the  sample  in  mm,  and  f>  is  the  density  in 
g cm  From  this  expreselon  the  range  of  frequency  expected  to  be 
encountered  can  be  calculated,  i.e.  50  kHz  - 100  kHz. 

The  electrostatic  method  covered  the  required  frequency  range  and 
also  enabled  an  accurate  determination  of  Young' s modulus  to  be  made . 

4.6.2  "Electrostatic”  apparatus 

The  apparatus  is  shown  in  Figure  18. 

The  oscillator  was  a Wayne-Kerr  A.F.  SI 21  Signal  Generator,  covering 
a frequency  range  1Hz  to  120  kHz,  in  44  overlapping  bands.  Stability  was 
within  1 part  in  10^.  The  output  signal  was  sinusoidal  with  a r.m.s. 
value  of  2,5  volts,  A Dawe  3001 A Frequency  Koter  was  used  to  monitor 
the  oscillator  output  signal.  The  'drive'  voltage  amplifier  gave  a 
sinusoidal  cnitput  of  100  V peak-to-peak  over  the  whole  frequency  range. 

The  signal  trom  the  detector  electrode  was  picked  up  by  the  cathode 
follower  which  matched  the  high  impedance  of  the  detector  electrode  to 
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the  low  impedance  of  the  pro-amplifier.  A hi^-paes  filter  was  connected 
between  the  cathode  follower  and  pre-amplifier  to  remove  low  frequanciee 
traneoiittod  through  the  test-bench.  Ube  oscilloscope  was  a twin  beam 
Solartron  C.D.  14OO  with  a pre-amplifier  on  one  channel  having  a sensitivity 
of  10C|jV  cm  \ 

The  sample  mounting  rig  was  of  steel  construction,  the  large  mass 
helping  to  reduce  the  'pick-up'  of  external  vibrations.  The  two  electrodes 
wore  of  brass  and  the  face  diameter  of  each  was  1 cm;  the  electrode/ 
sample  gap  was  adjusted  by  two  micrometer  screws  and  was  usually  of  the 
order  of  0.1  nm. 

4.6.5  Sample  preparation  and  Identification  of  resonance  conditions 
Rectangular  bars,  formed  by  isostatic  pjrossing  as  described  in 
Section  4.2,  and  nitrided  to  variovis  stages  of  conversion,  were  prepared 
for  dynamic  testing  as  outlined  below: 

1 . Hie  sample  surfaces  wore  ground  on  a diamond  impregnated  brass 
wheel  using  water  lubrication.  Opposite  sides  of  the  bar  were 
ground  so  as  to  be  parallel  to  each  other,  this  being  paxtic\ilarly 
important  for  the  end  faces  of  the  sample. 

2.  The  sample  was  dried  at  100°C  for  two  hours  to  remove  water  from 
the  pore  structure  of  the  mateirlal. 

3.  The  end  faces  and  one  side  were  painted  with  Bag  High  Conductivity 
Silver  Paint*  and  dried  at  100°C  for  one  hour. 

4.  The  end  faces  were  polished  with  soft  paper. 

After  preparation,  the  sample  was  aligned  in  the  specimen  mounting 
rig  and  the  resonance  conditions  identified  as  described  in  Ref.  (96). 

Achoson  Cclloids  Ltd. 
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4.7  Detcminatlon  of  Moduliis  of  Ruoturo 

Although  not  a major  aepoct  of  the  present  study,  ruptxjre  modulus 
ms  measured  for  nil  sniDpleo  iftor  Yo’an^f'o  modulus  had  been  determined. 
Tlie  3 uae  roctongulfir  bai-  wr.r;  used  for  bo  hr.  measurements.  An  Instron 
was  used  with  a three-poliil  Ijond  and  a crosshead  speed  of  0.8  niin/mm. 

4-«8  0 r -Oonoiv^ 

The  biOk  density  of  HdcIN  samples  and  silicon  compacts  was  dntorminod 
usiii^j  a Doulton  SC/5  b\ilk  densitometer. 


4 . 9 liicrohardnesB  Tertlri/T 

A 'dickers  micronardiiosa  attactment  with  a diamond  ijyramid  indentor 
-^a  used  with  a Vickers  K55  microscope  for  the  doteimination  of  miaro- 

haTiUiesd. 


S:imples  were  prepe 
Ixouis  followed  bj  ' .j  m 
in  Soction  4.5. 1. 


:,red  by  polishing  on  6 p m diamond  abrasive  for  tv/o 
ahranive  for  ro.-.,  using  the  procedure  described 


I 


] 


I 
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5.  HESUI/TS  AMD  DISCUSSIQH 

5*1  Charticterlaatlon  of  Silicon  Powlere 

5.1 »1  Silicon  powder  puritv 

"Rie  meteilllc  impurity  coDcentzatioo  in  the  three  silicon  powders 
iised  in  the  study  was  detexnlnsd  by  X-ray  fluorescence  analysis*. 

'Rie  elements  determined  were  those  expected  to  have  been  introduced 
during  the  comminution  and  classification  procedures,  i.e.  iron,  chromium 
and  nickel  from  the  stainless  steel  shatterbox,  and  copper  and  zinc  from 
the  sieves.  The  concentration  of  aluminium  was  also  determined  as  it  is 
a common  contaminant  in  coomercial  silicon  powders,  and  such  a powder, 
Koch-Li^t  99.99^  was  used  in  the  present  study.  The  other  powder  samples 
analysed  were  acid-washed  Monsanto  silicon  (<  45  t*®)  srid  unwashed 
Monsanto  silicon  (<  45  these  powders  were  prepared  as  described  in 

Section  4.1. 

The  results  of  the  XHF  analysis  are  shown  in  Table  4. 


— 

Element 

Powder 

Ac id- washed 

Monsanto 

concantration/ppmw 

Unwashed  Monsanto 
c one  entrat  ion/  ppmw 

— 

Koch-Li^dit  99.9  I 

concentration/ 

ppmw 

Copper 

100 

200 

vlOO 

Nickel 

< 100 

< 100 

<100 

Zinc 

<100 

< 100 

100 

Alminium 

<.  100 

200 

14,500  , 

Chromium 

< 100 

< 100 

< 100 

Iron 

50 

40 

3,000 

L.,  ■ ■ , , i 

Table  4;  Analysis  of  Silicon  Powders 


During  the  mlcrcacopical  examination  of  polished  sections  of  the 
spheroidized  silicon  powder,  large  impurity  concentrations  were  observed 

in  some  of  the  particles.  An  example  of  such  impurity  is  shown  in 
« 

Carried  out  at  the  laboratories  of  the  Bi'itiah  Ceramic  Research 

Association. 


I 

^ 64 

% 

, Pi^juro  19»  the  metallic  contaminant  wao  identified  as  aluminium  using 

« 

olectron-probe  microanalysis. 

I 

5.1.2  Powder  Twrtiole  size  and  otructuje 

The  particle  size  (diameter)  details  of  the  silicon  powders,  as 
determined  by  a line  counting,  microscopical  method  are  given  in  Table  5. 


Pc  wder 

. 

Minimum  size/ 
pm 

Mean  size/ 
pm 

Maximum  size/  ! 

pm  ) 

Monsanto  (Shatterbox) 

20 

\ 

45 

Monsanto  (Spherical) 

1 

53 

- 

65 

; Koch-Light  99.9% 

1 

17 

45 

Table  5:  Particle  Size  of  Silicon  Powders 


latched  polislied  sections  of  ailioon  particles  showed  that  all  tlie  | 
powders,  with  the  exception  of  the  spherical  Monsanto,  consisted  of  ] 
single  crystal  particles.  The  splierical  partiolea  were  iwlyoiystalline  ] 
ami  80103  particles  exhibited  dendritic  tyjxj  features.  Typical  etched  | 
structures  of  tlie  spherical  particles  ore  showi  in  Figure  20.  j 


'i 


19t  Aluminium-rloh  impurity  in  sphericsal  Ifcnsanto 
Bilicon. 

Polished  section,  reflected  light. 


Grain  structure  of  spherical  Monsanto  silicon. 
Btchod  in  5%  HaOH  solution  for  5 minutos  at 
lOO^C. 

Bolishbd  sections,  reflected  li^t. 

a)  As  spheroidized  povder. 

b)  Kitridod  in  50  torr  of  ^2,  at  1370"C  for 
15  minutes. 


i! 


i 
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5.1.5  PiscuBsion 

'Hm  analyBie  of  the  three  u’  .icon  powdare  iJ uritrhtoD  tilgh 
liipurity  conoeotration  in  the  c.unoercic-l  ciatorial,  i.e.  2*'/u  ri.  .i.I.lic 
iupurity  in  «,  powder  of  etatod  puritj-  99*9?^  Ae  oxtectod,  aluccLxvuw 
1 •4*’  /'■'»  Slid  iron  O.  J'I  /o  were  "irus  main  ii.;purli;y  eluTOinto  pro 30  ‘t, 

Tlie  iatoratory-perepared  Mbneonto  powder  has  a nt'.ich  lo\jr;r 
concentration  than  the  Koch— Lif^t  oilioon,  with  the  acid  waahiid  jA^wde-'' 
having  a purity  of  ^ 99.99%.  HiC  iron  contamination  from  the  oteol 
shatterboz  was  otuch  lower  than  eii)ectGd  in  the  Moiioanto  powder,  but  therre 
is  a cloar  indication  of  pick-<ip  of  copper  from  the  sieving  ojperation. 

Tlio  200  ppm  of  alumi nitnn  in  the  xmwaehed  powder  can  only  be  explaiood  by 
aluminium  being  present  in  the  original  silicon  ingot. 

The  particle  size  analyeia  of  the  silicon  powders  shows  the 
licnsanto  <45  povdor  to  have  a similar  size  distribution  to  tho 
Koch— Li^dit  powder.  Thus  a moaningful  comparison  of  RBGN  produced  from 
the  two  powders  could  bo  made. 

The  narrow  particle  size  range  of  tho  ophoroidized  powdor  facilitated 
tlxo  interpretation  of  tho  observed  micro  structure  of  tho  nitridod  p<x'./dor; 
tho  aluminium  impurity  in  the  spherical  pai. 'iclos,  however,  led  to  un- 
certainty in  the  interpretation  of  micro  structure  and  growth  morpholo^o". 
15x0  polycrystalline  natxxre  of  tne  spherical  particles  mifdit  also  have 
affected  tho  silicon  nitride  formation  mechanism  and  tho  resxxlting 
microstructure. 

11x0  aluminium  present  in  tho  spherical  powder  can  be  attributed  to 
tho  instability  of  the  alumina  tube,  used  in  tho  production  of  tho  ixxwder, 
xinder  conditions  of  hi^  temperature  (1720‘'C)  and  a reducing  atmosplioro 


(H^).  5Qie  instability  of  alumina  under  tlxose  oonditione  has  been 

(4fi) 


J 


demonstrated  by  Steele  and  Williams 


roglino  woo  invoraoly  proportional  to  nitrogon  presBure  with  tbo  hip^iOBt 
oonvorsion  of  silicon  to  silioon  nitridw  being  obtained  at  lower  prossiirGB 
of  nitrogon.  Conversion  at  760  torr  was  limited  to  7%  and  for  con- 
vorsions  of  > 90?o  nitrogen  preosuree  of  4; 100  torr  wore  found  to  be 


noceBBoxy. 

In  order  to  investigato  the  effect  on  the  nitridation  kinetice  of  the 
removal  of  the  oxide  layer  on  tlie  oilioon,  the  powder  compacts  were  liold 
in  the  furnace  hot-zone  at  1370‘’C  in  a vacuum  of  5 ^ 10  ^ torr  for 
20  minutes  prior  to  nitridation.  The  oxygon  proBsuro  in  the  vicinity  of 
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the  Bample  was  lowered  by  the  positioning'  of  a zlrooniiaa  gettor 
Inmediatoly  below  the  hot-zone.  At  nitrogen  pressures  ^ 100  torr,  that 
la  those  necessary  to  produoo  complete  conversion,  it  was  found  that 
vacuum  pro  treatment  did  not  elgnlflcantly  affect  the  subsequent  nitrid— 
atlon  kinetics. 

Bie  dopondence  of  the  kinetics  on  the  reaction  temperature  was  not 
investigatod,  a temperature  of  1570‘’C  being  used  throtq^ut  the  study. 

For  the  pure  Monsanto  powder  this  gave  complete  conversion  after  approi- 
imatoly  15  homu  at  50  torr  N^. 

5.2.2  Washed  Monsanto  silicon  spheres 

The  reaction  kinetics  were  determined  at  1570"C  in  nitrogen  at 
50  torr  and  are  described  in  Pig.  22,  The  spheres  exhibited  the  same 
form  of  kinetics  as  the  washed  angular  powder,  but  with  a dooroasod 
reaction  rate  due  to  the  smaller  surface  area  of  the  spherical  particles, 

5.2.5  Unwashed  Monsanto  silicon  powder 

The  variation  of  nltridation  kinetics  for  compacts  of  < 45  powder, 

_2 

isostatically  pressed  at  I40  Mltn  , with  nitrogen  prossure  is  sliown  in 
Pig.  23.  At  760  torr  Ng  the  amount  of  conversion  was  only  slifditly 
greater  than  tliat  found  for  tlio  wasliod  Monsanto  powdor.  Tho  roaotion 
rate  dux'ing  tlie  initial  5 hours  of  nltridation  was  faster  than  for  tiio 
washed  powdor  over  the  whole  rongo  of  nitrogen  prossuro  investigatod, 
olthoiq;^  the  time  taken  to  reach  full  conversion  was  similar  for  both 
Moiujonto  powders.  In  order  to  attain  n high  degree  of  convemion, 
pressures  of  nitrogen  of  < 50  torr  wore  roq\iirod.  T5io  kinetics  at  all 

(45) 


nitmgon  pressures  exliibited  tho  sigmoidal  form  normally  assooiatod 
with  ollioon  contaminated  with  metallic  impurities,  notably  iron. 
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5.2«4  Kbch-Iiirfit  99.99j  powder 

Isostaticallor  ptressed  powder  compacts  of  particle  size  < 45  ^lm  and. 
green  density  1490  were  nitrided  at  1570°C  in  76O  torr  of  nitrogen, 

llie  kinetics  are  described  in  Pig.  24;  they  were  found  to  obey  a parabolic 
relationship  with  complete  conversion  being  attained  after  appro ximately 
50  hoiirs. 

3.2.5  mecusaion 

Considering  the  kinetics  exhibited  by  the  different  types  of  silicon 
powder  et  JSO  torr  of  nitrogen^  the  overall  rate  of  oonvexeion  is  iiro]>- 
ortional  to  the  impurity  content  of  the  silicon,  and  for  the  two  Ifcnsanto 
powders,  nitridation  at  76O  tcrr  and  1370“C  would  not  be  suitable  for  tlie 
jJToduction  of  EBSN  as  only  low  degrees  of  conversion  are  obtained. 

Por  the  washed  Monsanto  powder  the  pressure  dependence  of  the 

f 12  ^ 

kinetics  can  be  explained  by  tlie  model  of  Atkinson  et  slL.  ' ' which  is 

described  in  Section  2.2.2. 

In  the  case  of  unwashed  Monsanto  powder  sigmoidal  nitridation 
kinetics  were  observed  and  hence  the  situation  is  more  complex.  The 
duration  of  the  induction  part  of  the  sigmoid,  however,  is  proportional 
to  the  nitrogen  pressure  and  probably  corresponds  to  the  removal  of  the 
surface  layer  of  silica  from  the  silicon  particles.  This  has  beeii 

(39^ 

denonstrated,  for  pure  silicon  doped  with  iron,  by  Atkinson  and  Mouleon'"'^ 
The  i>arabolio  kinetics  exhibited  by  the  Koch-Li^t  po\^dGr  cannot  bo 
eatiefactorily  explained  but  the  hii^  alximinium  content  of  the  powder  is 
probably  significant. 

5«3  IteveloTment  of  Young *b  modulus  during  the  nitridation  of  silicon 
powder  compacts 

Tlae  technique  used  for  the  moasurenent  of  the  Yo-ung's  modulvis  (e)  of 
IIBSIT  is  that  described  in  Section  4*6.  E vras  measured  as  a function  of 


nitrided  daiislty  C(^^)  of  the  IZBSN  samples,  beln^  a £\inction  of  the 
amount  of  conversion  of  silicon  to  silicon  nitride  which  has  taken  plaoe 
in  the  powder  oompaot. 

5«?.1  W^labed  Monsanto  ailioon  pm^der 

The  relationship  between  K and  p for  conroaots  of  acid-iraahed 

' n 

Monsanto  powder,  <45  mn,  ( = 1500  nitrided  at  1570'’C  in 

nitrogen  at  50  torr  is  shown  in  Pig.  25.  Ihroo  different  stages  in  the 
developoiant  of  E can  be  distinguished,  viz: 

(1)  an  initial  stage  during  vdiich  E increases  very  rapidly; 

(?)  a second  stage  during  which  E develops  at  a decreeing  rate 
w.r.t, 

and  (5)  a third  and  linear  stage. 

In  order  to  determine  the  effect  of  a vacuum  pre-treatment  on  E, 
oorapaotod  powder  bare  were  heated  at  1570°C  in  vacuo  torr)  for 

times  of  5“120  minutes.  The  modulus  of  the  bars  vras  then  raeasuied;  tiie 
data  obtained  are  shown  in  Table  6. 


1 "Green"  density/ 
-5 

. _ 

Time  in  vacuo/ 
mins. 

1 -? 

! E/Glfa 
* 

: 

Fired 

Density  i 

1490 

5 

i 

i 20 

1 

1490  : 

1490 

50 

! 54 

1490  I 

1500 

60 

' 35 

. 

V}00  j 

1500 

120 

1 

! 

i 

1500  [ 

-J 

I'able  6;  Effect  of  vacuum  protreatment  on  Young's  Modulus  of 

oilicon  Compacts 


It  is  known  that  tho  Young's  modulus  of  the  'groon'  bars  was  lean  +^han 
-2 

6 GNm  , and  therefore  a significant  incroiujo  in  vaodulus  occiccred  withui 
5 minutes  of  the  introduction  of  tho  samx'lo  into  tiio  furnace,  bo  ituireaso 
in  rvtd’ilus  waa  observr.d  alter  the  vacuum-pro  tit  ..tui  :\t  time  exCf,>dod  >0 


ninutcn  anl  nc'  ioiui  11  cation  of  tht.  nar’plon  wiu  J*' tooted. 
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Fig. 25,  Youngs  Modulus  ts  nitrided  density,  acid  washed  Monsanto, 
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26  ahowB  that  silicon  ooopaoti}  pcro treated  In  vaemo  for  30  mins, 
and  HubBoqxiontly  nitrided  at  1370‘’C  in  50  torr  of  nitrogen  eihibitod  the 
oaQO  li/  relationship  as  oompaoto  not  sub  jooted  to  a vacinun  pretreatzoont. 

Bio  dependence  of  E on  was  also  doterminDd  at  nitrogen  presouroo 
of  100  torr  and  200  torr  and,  as  sbovm  in  Pig.  27,  no  difforenoo  in 
modulus  values  was  detected. 

5.3.2  Unwashed  Monsanto  silicon  powder 

nnwaoliod  Monsanto  silicon  powder  was  used  in  tlio  form  of  Isostatloallo^ 
prossod  compacts  (powder  fraction  <45  Mzn).  Bio  dopendonoo  of  E on 
for  compacts  nitrided  at  1370'’C  in  nitrogen  at  50  torr  and  7^0  torr  is 
shown  in  Pig.  28,  A similar  relationship  to  that  found  for  the  washed 
Monsanto  powder  nitrided  at  a nitrogen  pmssure  of  50  torr  was  obsorved. 
Modulus  values  for  tho  two  matorials  wore  approximately  the  same  at 
corresponding  values  of  f Compewjts  nitrided  in  7^0  torr  of  nitrogen 
showed  a linear  rolationsliip  between  E and  with  the  value  of  E 
approaching  that  of  the  50  torr  matoriol  at  higher  values  of  At 

760  torr,  however,  only  low  degreos  of  conversion  could  bo  attained. 


1 

I 

i 

I 


5.3.3  Kooh-Ufiit  99.99o  TXivder 

Isontatically  pressed  bars  were  nitrided  at  1570®C  in  nitrogen  at 
760  torr.  The  relationship  between  E and  is  shown  in  lUg.  29  and, 
as  for  tho  unwashed  Monsanto  powder  nitridod  at  76O  toirr,  a linear 
dopendonoo  on  was  obsorved, 

5.3.4  PiBOUBBion 

Considering  all  the  data  obtained  for  Young's  modulus  values  and 
tlioir  doiiondonoe  on  tho  density  of  tho  nitriding  oompaot,  two  distinct 
forms  of  modulus  dovelopnmnt  can  be  distinguished,  viz; 

(1)  a linear  dependence  on  throufdiout  tho  reaction, 
and  (2)  an  initial  largo  inoroaae  in  modulus  followed  by  a region  of 


y*odulu3  VO  nitridod  density,  acid-washed  Monsanto,  effect  of  nitrogen 
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doaroaemg  dopondonoo  on  which  la«  in  turn,  followod  by  a linear 
rogion. 

13tc  Linear  relationship  was  observed  for  powder  compaote  nitrided  at 
a nitrogen  proositco  of  J60  torr  and  tho  second  type  of  relationship  for 
nitridntion  at  litrogon  prossuroo  of  50-200  torr.  Biio  is  illustrated  in 
Pig.  28  iidvLch  compares  modulus  dovolopnient  for  Monsanto  unwashed  powdor 
nitrided  in  at  50  torr  and  tlio  same  powdor  nitrided  at  7^0  torr.  Iho 
difforonco  in  moduliis  dovelopment  during  tlie  initial  starts  of  nitridation 
implies  tliat  two  different  types  of  intorparticlo  bonding  are  developing: 
during  tills  neriod.  At  higher  values  of  p^,  however,  tht'  difforonco  in 
modulus  values  is  loss  marked.  IXiring  tho  linear  stage  of  tlio  Pl/p^ 
rolntionship  for  low  proosure  nitriding,  thoroforo,  tlio  oilicon  nitride 
being  formed  is  not  increasing  the  modulus  to  the  some  extent  an  that 
being  fortaod  during  nitridation  at  760  torr  of  nitrogen. 

imsiT  producod  from  tlio  Koch“Id.(^it  silicon  powdor  oxliibitod  n lower 
value  of  E at  emy  value  of  p^,  tlian  any  other  powdor  used  in  tho  present 
study.  'Oils  is  illustrated  in  Pig,  JO  wliich  coriiaroo  Kooh-ldglit  compocto 
nitrided  at  760  torr  with  washed  Monsanto  oorapaots  nitridod  at  50  torr  of 
nitrogen,  Tho  slope  of  tlio  linear  iwrtion  of  tho  rolatioiioliip  for 

tlic  Monsanto  powdor  is  tho  samo  as  that  of  tlio  E/  relatioiiship 
oxliibitod  by  tho  Koch-Li^t  powdor  and,  therefore,  modulus  dovelopment 
jier  unit  of  silioon/oilicon  nitride  conversion  is  equivalent  in  tlio  two 

powders  during  this  stage.  Dio  differonoo  in  modulus  of  tho  two  materials 

-2 

at  any  ic  oonsistently  JO  Glto  , wliich  reprooonts  a difforonco  of 
20P>;  for  - 2400  ICgm”^. 

As  previously  dosoribod  in  Section  J,  It  ims  intended  that  as  port 
of  tho  present  study  ItBSN  would  bo  considered  as  a tliroc-pliaso  ooinposito 
material,  tho  oomponents  being  silicon  nitride,  porosity  and  silicon,  and 
tiiat  throu^i  a combination  of  Yoiuig's  modulus  noasuromont  and  micro- 
otructuxal  oiamimtion  at  stages  during  ilio  reaction  to  form  RBSN,  an 


density,  comparison  of  Xoch-Llght  99.9;j  and  acid-washed  Monsanto 
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luidarstAndin^  of  how  interparticle  bontling  and  strength  developoent 
occurs  in  the  reacting  silicon  compact  would  be  soxjght.  It  is  thereforo 
oonvsnient  at  this  point  to  oonsider  the  varloue  theoretical  models 
describing  the  elastic  taoduli  of  composite  materials  and  their 
applicability  to  HBSII. 


Most  theoretical  troatanents  of  cxmiposite  materials  are  ooncemed  with 
tiro-phaoo  systems  whore  a second  phase  is  introduced  into  a.  uiatrix 
inatorial.  in  order  to  improve  or  modify  a particular  property  of  the 
matrix,  for  example,  electrical  or  thermal  conductivity,  tou^mess  or 
expansion  coefficient.  The  physical  nature  of  the  second  phase  can  be 
varied  between  random  or  aligned,  long  or  shirt  fibres,  and  dispersed 
partioulate  materials. 

If  and  denote  respectively  the  elastic  modulus  of  the 

matrix  material,  the  dispersed  material  and  composite,  then,  in  order  to 

(ietermine  E^,  a functional  relationship  is  required  between  the*o 

material  constants  and  the  fraction  of  matrix  material  C . The 

m 

relationship  must  satisfy  the  condition  that  when  “ 1 , and 

E = E™  when  C = 0. 
of  m 

ihe  simplest  relationship  satisfying  these  conditions  is  that 
resulting  from  the  assumption  that  both  components  contribute  to  E^  in 
proportion  to  their  own  modulus  and  fractional  volume,  i.e. 


' Vn  - “m) 

In  addition  to  the  modulus,  E , the  compliance  rr- 

C jjQ 

that  of  the  components  at  the  limits  = 1 and 
second  relationship  may  be  obtained,  i.e. 


(1) 

must  also  agree  vdth 
= 0,  and  therefore  a 


^c  " \ ^f 
,(98) 


(2) 


It  has  been  on  the  basis  of  olaotic  energy  theorexno, 

that  eq-uations  (l)  and  (2)  represent  upper  and  lo\<er  bounds  on  the 


value  of  E . In  tlie  determination  of  tho  upper  and  lower  bounds  on  E^, 
c c 
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certain  aaaunptiona  are  neoessazy  which  are  generally  applied  to  all 
oonposite  theories,  viz: 

1)  both  the  matrix  and.  the  dispereed  phase  are  linearly  elastic, 
ieotropic,  and  obey  Heoke's  law; 

2)  the  stress  distribution  is  naciosoopically  uniform. 

In  the  vicinity  of  an  Inclusion  the  local  non—hoiaogoneity  mien  out 
tbs  poaaibility  of  a truly  uniform  stross  distribution;  however,  the 
averaged  value  of  stress  must  equal  the  macroscopic  uniform  stress* 
Similarly,  the  strain  distribution  may  be  non-nmiform  on  the  small  scale, 
but  vmiiorm  on  the  large  scale. 

Whan  tl^  modular  ratio  (m  = ~)  is  small,  i.e,  0.5  c.  m <3,  the 
separation  between  the  bounding  equations  (l)  and  (2)  is  small  enou^ii  to 
obtain  an  estimate  of  the  true  modulus  valiie.  Iheoe  equations,  however, 
cannot  be  used  for  materiale  containing  voids  or  erodes  and  are  therefore 
not  suitable  for  the  treatment  of  the  elastic  modulus  of  KBGH.  5br 
composites  of  modular  ratio  m 1 aind  m - 0 (i.o.  porositj’"),  approximate 
solutions  by  ^ and  Ishai^^^^  have  been  used  in  oomparing 

predicted  behaviour  with  experimental  data,  Eaul  aid  Ishai  both  resorted 
to  a two-phase  model  of  an  isolated  particle  embedded  in  a cubic  matrix 
with  the  boundariee  subjected  to  uniform  stross  or  displacement 
respectively.  Ohe  sijecific  geometry  of  the  model  has  nothing  to  do  with 
the  real  shape  of  the  incltiBion,  The  basic  assumption  is  that  a system 
consisting  of  discrete  dispersed  particlee  can  bo  roprosonted  by  a 
single  oontinuoxM  phase  confined  within  a homogeneous  matrix.  Tho  cubic 


model  luin  boon  experimentally  verified  by  Ishai  and  Cohen 
modxilar  limit,  m = 0,  using  porous  epozy  composites , 


(100) 


for  the 


Ishai  *8  model,  Fig.  31 » assumed  normal  defoznatlon  of  tlio  specimen 
surface  (as  is  the  case  with  any  cubo  compressed  between  two  rigid  planes). 
Dividing’  the  element  vertically  (Pig.  31 ) the  following  conditions  are 
apparent ; 

--Hg— - r i~  T li'Bailgiri 'iiTi " t°T*^i  i^wirBirn'liiTiWi' 
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(a)  Tho  axial  dafonoation  of  the  wiiole  eloiaent  io  also  that  of  the 

contral  hetoro^neoue  oolumn  (A»  ) and  of  tj;e  eiioonpaaBing  box 

(b)  The  stzvsB  on  matrix  m^  in  the  colman  is  eq.'ual  to  that  acting 
on  the  a^cgregate  A, 

(c)  'Sie  reeultant  of  Btresses  acting  on  both  columns  equals  tlie 
external  force  P, 

TJndsr  the  above  auiruiiiptions,  the  following  relationships  can  bo 
derived; 


P = cr_  (b^  - d^)  + cr-  d^ 

nu  'a 


(3) 


CT-^J-  t)  (b-d)  cr-  d 

Em  ^ E 

m m a 

(4) 

C7-  = ex' 

a 

(5) 

cr'  b 

Pb  “2 

(6) 

^2  ^ E 

b"  Eo 


m 


vdiero  respectively  tlie  stiessoB  on  tlie  aggregate, 

the  material  above  and  below  it,  and  the  encompaseing  materisLI;  b ani  d 
are  the  dimensions  of  tlie  large  lieterogenoous  cube  and  the  aggregate, 
and  E^,  I^,  E^  are  the  Young's  ooduli  of  the  aggregate,  tlie  matrix,  and 
the  vdiole  heterogenoous  cube;  P is  the  external  axial  force. 

Solution  of  equations  (3),  (4)»  (5)  and  (6)  yields; 


E^  E_  ! 1 


(7) 


“ [ 

E_  ^3 

where  m = ^ and  C«  = — ? (volume  concentration  of  the  agigregato). 

% ^ b^ 

Equation  (7)  oan  be  modified  to  describe  a two-phase  oomposito  of 
void  and  matrix  (E  = 0,  m = O)  as  follows: 


E 


cv 


= 1^(1  - 


(e) 


wliere  E is  the  modulus  of  the  matrix--void  systoin  and  Ch*  is  its  void 

CV  a 


CV 

content. 


*=JSSBZ 
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Wo  0£m  now  considor  a throo-jiiaso  oooposlto  oonslotln^  of  a cxiblo 
•matrix  with  inodxilus  and  void  contont  Cp^'  in  which  a cubio  inclualon 
\rf.th  modiiluB  E and  volmno  fraction  C io  oniboddod.  ABBinaing  tliat  tho 
ITTOBonco  of  tilt)  fillor  dooo  not  offoct  tho  elaatlc  proportion  of  tho 
porous  natrix,  tho  rooultant  modulua  of  the  threo-phase  Byotom,  E io 
obtainod  by  subntituting  tho  roducod  moduluo  of  tho  matrix— void  oyotoin 
for  13^  in  equation  (?): 


idiern  m* 


CY 


- cp-'S)  I"  1 

I 

L 


a 


(9) 


i'aul'c''  ' approxj  mato  solution  is  based  on  tho  samo  cubio  confi,'uu>- 
ation  but  tho  boundary  condition  is  that  of  uidfoua  strooo  and  is 
dorivod  as  follows; 

Uio  typical  unit  volume  of  tlio  oomiiOBite  as  used  by  Pavil  is  showia 
in  Piff.  52  and  consists  of  a single  paii-ticlo  of  dispersed  raatorial  in  a 
ciibo  of  tho  matrix  material.  Since  tho  strain  is  uniform  ovor  tlic  oross- 
Boction  shown  in  Pig.  52,  tho  normal  Btroso  on  area  will  be  6E^  and 
tiiat  on  A^,  E , vdiore  £ io  tho  normal  strain  at  tho  oroos-Bection. 

The  total  foroo  on  tho  cross-ooction  must  equal  tiio  total  nppliod  force, 
P,  thoroforo 


(10) 


!Iho  total  elongation  of  tho  cube  is; 

(^1 


6 - I f(x)dx  = P 


II 

0 


r dx 


...  (11) 


Defining  E as  /g  for  tho  unit  cube,  it  follows  that: 


J 


1. . f _ 

K.  J.  iLH 


dx 
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(12) 


'o 

ibr  any  particular  distribution  of  tho  edbeddod  material,  a,  A^x 
io  a violl— defined  function  of  x,  equation  (12)  thoroforo  gives  an  approi- 
iioato  value  for  for  any  assumed  distribution  of  the  aggregate. 

It  has  been  showi^^®^  that  if  the  dioiwrsed  material  is  in  tiio  form 
of  a prism  of  any  cross— section  which  extends  tlio  entire  length  of  the 
unit  volume  (see  Fig.  32),  then  equation  (l2)  ptrodicts  a linear  relation- 
ship between  the  oompononts  of  a oomposito  whioli  coincides  witli  the 
\ipper-bound  value  given  by  equation  (l).  Hiis  is  to  bo  expected  since 
there  is  a xiniform  strain  distribution  tlirou^x>ut  the  volume. 

If  thf)  disporsod  material  is  in  the  form  of  a slab  of  imiform 
thiokness  (soc  Pig.  52),  then  the  distribution  of  stress  will  bo  uniform 
Lhrou^iout  and  the  value  of  E predicted  by  equation  (12)  vrLll  coincide 
witli  tlio  lower-bound  of  equation  (2).  For  an  inclusion  of  cubic  uliapo, 
tlm  same  configuration  as  tliat  uuod  by  lBhai^^^\  equation  (l2)  predicts 


I 1 » (m-l)  C^' 


§ 


m I 


(15) 


i 1 i (ii^-l)(C  ^-C-)  j 


"f  “f'J 

For  a two-phase  oomposito  of  void  and  me.tri::  tliis  reduces  to: 


E 


cv 


- 


1 - +Cp’' J 


(14) 


and  the  counterpart  of  equation  (9)  for  the  threo-phaeo  f illoi'-matrix- 
void  oystcn  io: 


E 


'c5 


= E 


r 1 - 1 r 1 + 


bi 


[ 1 - -.0/ J I 1 H (m'-lXOa-'  .c„> 


...  (15) 


In  order  to  use  equations  (9)  and  (15)  for  the  prodiotion  of  Yoiuig's 
modulus  valuoo  of  partially  nitridud  silicon  poiaior  comparts,  it  in 


nocoBBary  to  adjuat  tho  equations  for  ti  Bilicon— eilioon  nitride— porosity 


oocipodito. 


ConBldarin^  the  model  to  coneist  of  an  agRie^iate  of  residual  ailioon 
Burroundod  by  a porous  eilioon  nitride  matrix  (sea  Fi^.  35),  than  the 
modulus  of  the  porous  Bllioon  nitride  matrix  is  obtaimad  from 
equation  (8); 


and  tiio  modulus  of  the  three— phase  comxosite  from  equation  (9)  is  <<iven 


^ifjN-si  “ r ^ 


* .X  ; 

m _ r«  ti  I 

^ J 


Cji"'  aj^d  m’^  cannot  be  determined  directly  and  tharofore  it  is  necoesaTy  to 
dofjjie  tliom  as  a function  of  more  easily  determined  factors,  Cp"*'  is  tho 
fractional  voluno  Jioroaity  of  the  matrix,  Iioncc 


V?/;.  I-  VjNyY 

in  wliich  denotes  tho  fractional  volume  of  component  x in  tlio  matrix 
and  V is  tlie  total  volinaa  of  tho  tlrroo-plione  oonpoaito. 

• r * ^ 

Cp  is  tho  fractional  volume  porosity  and  tlic  fractional  volume  of 
silicon  nitrido  in  tlic  tliroe-phaoo  composite. 

Cp  + Cj,j^  I-  Cgjj  1. 


• p -if 


1 - c. 


m'-  = = ilki  X ~ = m (- 

^''yN 


) 


a)  Silicon  nitride  natrijc  with  iioroaity  ua  the  Snd-j'hnuo  to 
give  tho  Youiiifa  Modulua  of  porous  silicon  nitride. 


porosity- silicon  nitride 
composite 


silicon 


b)  Porous  silicon  nitride  matrix  with  silicon  as  tho  Hnd 
phase. 

Fic.33.  Silicon  nitr ide-silicon-poroslty  composite  model 


'm 


• — 


1 - (^  )S  > 


vrfiero  m = 


In  the  proeent  study,  and  ^ wore  given  values  of  110  Gita*’  and 


310  Ota  from  refexenoes  (101)  and  (80)  xespootlsDly. 


Substitution  of  equations  (l8)  and  (19)  in  (17)  yields: 


^M-Si  " ^ 


I ■ M-C,,/  ■ ■ —Si - C ’ 

L "JL 


lEroating  the  model  of  Paul,  equations  (14)  and  (l5)f  in  a similar 


manner,  then: 


^11  ^^-7  ! 


f~  1 + (“A  - 1)C 


[1 


\du)re  X = 1 - (-ri^  ) 


If  and  P Eire  tlie  • green*  and  •nitrlded*  densities  of  a 

B •XI 


partially  nitridod  oompeot,  then  the  following  expressioivB  oan  be 


derived  (see  Appendix  5)» 


C =1  -0.281  ^ -0.148^^ 


Cgi  = 1.072  P -0.643^^ 


SN  = 0-79l(Pn-^g) 


In  deriving  the  above  expressions  it  is  assximod  that  the  densities 


of  silicon  and  silicon  nitride  are  2.530  and  3*200  g.om  rospoctivoly, 


and  tliat  tlio  conversion  of  silicon  to  silicon  nltrido  is  aooompaniod  by 


a velnme  expansion  of  235i  ai^d  a mass  gain  of  66,7^ 
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Substitution  of  (22)  Into  (20)  auid  (21 ) gives  the  rolationahip 
between  Young's  modulus  of  the  composite,  nitrided  density,  and  green 
density  according  to  the  lahai  and  Cohen  and  Paul  treatmente  respectively, 
54  shows  the  computed  zelatlonshlpe  between  Young's  modulus  and  Pn 
for  a green  density  ( ^)  of  1900  kgm  the  green  density  whioh, 
theoretically,  can  bo  nitrided  to  a fully  dense  silioon  nitride  body. 

55  shows  a comparison  between  tlioorotioal  and  oxperimental  data 

for  a compact  of  washed  Monsanto  silicon  (<45  t^)»  green  density 
“3 

1500  kgm  nitrided  at  1570‘’C  in  nitrogen  at  50  torr.  'The  data  for 
Koch-Light  99»9%  silicon  (<  45  fuii)»  green  density  1490  kgra~^,  nitrided 
at  1570°C  in  nitrogen  at  76O  torr,  is  also  compared  with  the  theoretical 
predictions  in  Pig.  35*  observed  rate  of  developmont  of  E with 

nitride  growth  ( P^)  for  the  washed  Monsanto  oompaots  is  accurately 
described  by  the  model  of  Ishai  and  Colien^^°®\  althou^  the  predicted 
values  of  modulun  for  a particular  are  consistently  25  GMn  above 
those  experimentally  dotermined.  Tliis  is  not  considorod  to  bo  of  major 
importance  at  the  present  stage  of  the  study  since  it  is  intended  that 
micro structural  observations  will  give  an  imjjroved  understanding  of  how 
interparticlo  bonding  and  tho  general  nature  of  silicon  nitride  formation 
affect  tho  dovelopoent  of  stiffness  in  tho  nitriding  oompact.  The 
thoorotlcal  model  can  then  be  refined  accordingly.  Tho  data  are  more 
accruratoly  predicted  by  tho  model  of  Ishai  and  Cohen  than  by  that  of  Paul; 
this  has  also  been  found^"^^^  in  prevloxis  studies  of  three-phaso  oompositoa 
having  low  modular  ratios  and  containing  substantial  porosity  oonoen- 
trationa, 

Tho  data  for  the  Kooh-Li^t  99*996  silicon  oompaots  aro  oonsistontly 

-2 

55  Glto  lower  than  that  predicted  from  the  model  of  Ishai  and  Cohen, 
tho  slopo  of  tho  Y,/ line  again  being  the  some  os  that  obtained  from 
tho  theoretical  treatment.  During  tho  initial  stogen  of  nltridation. 


density  kg/m' 


Fi(;,34,  Computed  relationships  between  Younjo  Modulus  and 
nitrided  density,  for  a green  density  of  1900  kg./ 

a)  Paul's  raodol, 

b)  Ishai'a  model. 
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liowevor,  there  ie  a marked  departure  from  the  rolationehip  of  the 

tlieorctical  model. 

It  in  noteworthy  that  although  the  experimental  data  are  linear  with 
over  a wide  range  of  value a,  they  do  not  extrapolate  to  a value  close 
to  those  quoted  for  the  modulus  of  fully  donee  hot-presced  silicon 
nitrido^^’^  \ Hiis  is  in  marked  contrast  to  the  date,  of  Jonos  et  ali^^^ 
in  which  Yoimg's  modulus  data  wae  found  to  extrapolate  linearly  to  the 
fully  dense  value.  The  model  of  Ishai  and  Cohen,  however,  as  shown  in 
Fig*  54j  does  not  prodiot  a linear  extrapolation  to  the  fully  dense  value. 

In  summaiy,  then,  the  simple  modolliiig  of  tho  complex  BESII 
composite  provides  a romarkably  good  description  of  the  observod  irate  of 
devolopmont  of  E with  particularly  in  the  case  of  washed  I'tonsanto 
silicon  powder  nitrided  in  nitrogen  at  50  torr.  Tlic  largo  difference  in 
modulus  between  EBSN  produced  from  Monsanto  silicon  and  that  produced 
from  Kocli-Ligi!it  99«9?i  silicon  suggests  tlia.t  the  microstructures  of  tho 
two  materials  must  be  markedly  different.  It  is  intcreeting  to  note 
tliat  Young's  modulus  data  for  other  RBSlI'u  (Fig,  56),  as  niBasurod  by  a 
similar  technique,  fall  on  tho  lino  of  tiio  iIoch-Light  material. 
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9»4  tridfitioii  of 

Bilicon  powior  coai>QCta 

Altiiouj^  not  a laajor  aspoct  of  tlio  otudy,  ruptun'  noduluu  cionourv'- 
aonto  (ooo  Section  4«7)  wore  nwio  on  tlio  oaniploLJ  pwaparod  for  tlio 
dotoiToination  of  K in  order  to  cojU’im  tluit  tlio  ’.iysi:  natoriala  undor 
ijivoo ligation  woix)  of  a suoilor  Btron,‘Ttli  (c’'^.)  to  tiiooo  reported  in  tlio 
litoratim,' . Hie  I'nluoo  for  oach  typo  of  powder  compivet  wi'^xv  plotted 
o^ainot  tlio  nitrided  donaity  of  tho  nnuiplou  and  providod  an  indication  of 
any  lai-go  diffcronco  in  atrongtl;  botvoon  tlir  RBSH'b  produced. 


9.4«1  Wgahod  Monaanto  ailicon  powder 

Ihe  rolationflhip  botvjoon  and  for  iooBtiitioolly  preoood 

compaotB  of  acid-waohod  Monsanto  ixjwder  (^45  nm,  I5OO  k,'aa~^) 

nitridod  at  1370*^0  in  nitrogen  at  50  ton-  io  ohown  in  Pig.  57.  Tli  ' 

graiili  indicates  tiiat  is  lineoi'ly  dopondont  on  over  r.Kuit  of  tlio 

density  rar.ge,  a dop<irturo  fiem  linearity  being  obsori’ed  at  low  valiu's 

of  P . 

* 


5t4.2  Unwashed  Monsanto  eilioon  powdur 

loootatically  pressed  ooiapacts  ( = 1500  iroivi  nitrided  i:. 

nitrogen  at  50  torr  at  1570'’t!»  tlic  doixindonco  of  o ^ on  bo'.ng  shown 
in  i'ig.  W.  'Iho  form  of  tho  relationship  was  tlie  onaie  iis  for  tlic  coiuivicls 
of  wnnlind  Monsanto  powder  but  tlie  values  of  o lAmi  slightly  liiglio"  at 
all  vnlusa  of  an  sliown  in  P'ig.  40, 

5.4.3  Koch-Lirfit  99.996  silicon  powder 

Rupture  laodulus  data  for  isootatically  presoed  ooniwicts  (149O  kgiu  ) 
nitridod  at  1370“^!  in  nitrogen  at  76O  torr  are  ohown  as  a function  of 
in  Fig.  59.  Values  of  for  tliis  material  wi're  consistently'  lower 
t!nn  tliese  dotominsd  for  botli  Monsanto  raatorialo. 
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‘3.4«4  PlBcuflBlon 

Prom  tho  very  limltod  qtiaatity  of  data  available  it  is  not  possible 
to  say  Tidiethor  (7^  vs  obeys  a linear  relationship  as  proposed  by 
Jones  and  Lindloy'  There  is  an  indication,  however,  that  at  lo\i 

valuos  of  the  relationship  is  not  linear  and  in  fact  tlio  data  of 
Jonos  et  al,^^^^  as  shown  in  Pig,  40  confirms  this. 

Tho  higher  values  of  crj.  obtained  for  the  HBGN  produced  from  the 
xmwoshed  Monsanto  powder  are  difficult  to  explain  in  terms  of  the  oiily 
variable  present,  that  is,  tho  impurity  contents  of  the  washed  and  un- 
washed powders  (see  Section  reaction  kinetics  of  the  washed 

and  unwaalx)d  Monsanto  powders  wore  markedly  different  and  tho 
possibility  of  small  difforenoos  in  impurity  concentrations  also 
affecting  tho  rupture  modulus  of  the  material  cannot  bo  ignored.  Indeed, 
values  of  reported  in  the  literature  show  a large  variation  for 
materials  of  the  oamo  nitrided  density,  nitrided  under  tho  same  conditions 
and  having  a similar  particle  sizo  distribution  in  tho  original  silicon 
oompeuit.  Young's  modulus  values  (soo  Section  5*4)  wore  identical  for  the 
vrashod  and  unwashed  Monsanto  materials  and  therefore  any  difforenco  in 
(7'^  botwoen  the  two  must  bo  explained  iu  tormR  of  either  the  surface 
energy  term  or  tho  critical  defect  size  c. 

T5ie  strength  of  the  HBSN  formed  from  the  Koch-Lif^t  powdor  was 
bolow  that  made  from  the  Monsonto  powder  over  the  \diole  range  of  nitrided 
density,  TSie  results  obtained  for  the  different  HBGK's  cannot  bo 
explained  in  toxins  of  any  change  in  furnace  conditions  during  the  study 
as  tho  work  on  a particular  poivder  was  not  carried  out  during  a sot 
period  of  time  and  tho  different  powders  wore  nitrided  at  random  timos 
during  tho  study.  Samiile  preparation  and  tost  prooedure  wore  idontioal 


r 


for  all  mtitoriols 
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5*5  flevBlopn>Bnt  of  mloroataruoture  In  allioon  powder  oompacts 

during  nitrldation 

Bie  mlcrostructural  studios  doscrlbed  here  were  oonoomed  with  the 
developDont  of  Interpartlole  bonding  and  general  microstructural  chaxacter- 
intico  during  the  nitrldatlon  of  oompacts  of  Itonsnnto  and  Koch-Llgiit 
silicon  powders.  It  was  originally  intended  tliat  spherical  Ibneanto 
silicon  would  be  used  to  give  a clearer  picture  of  bonding  de'/olopment, 
but  becauso  of  the  presence  of  aluminium  In  some  of  the  silicon  splieres 
tlds  approach  was  not  pursued.  The  spherical  powder,  however,  did 
liroduoo  many  interesting  micrographs  and  a selection  of  tlicse  are  shown 
in  Appendix  4* 

5«5.1  Washed  Monsanto  silicon  powder 

A series  of  photomlcrograxihs  showing  the  doArolopn»nt  of  microBtruct\m> 
during  the  nitridation  of  oompacts  of  this  powder  in  nltrogon  at  50  torr 
is  shown  in  Pigs.  41  to  48»  major  foatureo  of  development  can  bo 

Bunnoarisod  as  follows: 

1)  the  foimation  of  a oontinuoua  silicon  network  throu^^out  tho 
comi>act  at  mi  initial  stage  during  which  nitrido  growth  is  nogligiblo; 

2)  after  the  silioon  network  lias  formed,  t>io  first  approximately  "]% 
of  conversion  to  silioon  nitrido  oocurs  in  tho  neck  roglono  of  tho  oilioon 
network,  Dio  nitride  morpliclogy  is  massive  and  non-porous  and  bears  no 
roBomblonoo  to  tlio  whisker  formation  oommonly  reported  to  bo  the  pre- 
dominant feature  of  tho  initial  stages  of  nitridation; 

5)  after  the  conversion  has  exceeded  a more  general  ooverago  of 
tlie  silicon  surfacos  with  silicon  nitride  oocurs  and  many  foatureo  of  tlio 
model  of  Atkinson  et  are  exhibited,  as  shown  in  Pig.  46. 

Dirou^iout  tho  conversion  prooeso,  all  of  tho  nitrido  formed  was  of 
tho  massive  typo  and  the  photomiorograplis  indioato  a soomingly  simple 
prooosB  of  oonvorsion  and  donslfioation. 


I 41 1 Acid-woflhed  Monsanto  povfder,  iBoatatically  prossed 

at  140 

1570°^,  50  toxT  of  nitrogen,  2 mlnutcn. 

Poliflhod  section,  reflected  light,  shoA/ing 
fonoation  of  silicon  network. 


FIG.  42;  Acid-wasliod  Monsanto  powder,  isoBtatically  pressod 
at  140 

1570‘’C,  50  torr  of  nitrogen,  5 minutes. 

Polished  section,  reflected  li^t,  oliowing 
formation  of  silicon  netvrork. 


I 

t 


Acld-waohod  Monsanto  powdor,  ioostaticfaiy  proaeod 
at  140 

1570*C,  50  torr  of  nltrogon,  JO  minutoo. 

HoLishod  oootion^  nofloctod  li^d^ty  ohovrln^  tlie 
foimatlon  of  oilioon  nitrido  in  tho  nock  roglono 
of  tho  slUoon  network. 


44 » Acid- -Afoohod  Monsanto  poAvdor,  isostationlly  presaod 
at  140  MNin"^. 


T 


1370*0,  50  torr  of  nitrogon,  30  minutoo. 

Soannlnc  olootron  micrograph  oliovring  tho  morphology 
of  the  silicon  nitride  in  tho  nook  rogions. 


FIG«  45:  Acld-'washed  Honaanto  povdar,  ioootatioally  preoaed 
at  140 

1370*0,  50  torr  of  nitrogen,  3 boura. 

Ibliabed  aoctlon,  reflectod  U^t,  showing  ailioon 
nltzdde  in  neok  legtons  And  porosity  in  tbo  silicon. 
13is  porosity  is  fonnod  by  tho  msohonism  of 
Atkinson  et 


I FIG.  46;  Acid-washed  Monsanto  powder,  isostatically  pj.’essed 

: at  140 

1370°C,  50  torr  of  nitrogen,  7*5  ‘lOurs. 

Polished  section,  reflectod  light,  showing  more 
general  silicon  nitride  foxuatiou.  A much  greater 
number  of  pores  can  be  soon  in  tho  silicon  than  in 
i Pig.  45*  Tho  particle  marked  (a)  shown  tho  channel 

, connecting  a pore  witliin  tho  particle  to  tho 

silicon  surface. 


I 

I 

I 

47 « Acid-waBload  HjnBaiito  powder,  iaoataticfilly  pxewccd 

at  140  I 

I^TO^C,  50  torr  of  nitrogoii,  16  ^ioxiro, 

RDliEjhod  section,  rufleotod  I 


FIG , 48 ; Acid-\cE;ulio4  MDiisorito  powder,  iuostatically  i»resBod 

at  140  KIfci“^. 

1^70°G,  50  torr  of  nitrogen,  35  /-“euro. 

Ibliaiisd  section,  rof looted  liglit.  Fully  nitrided 
compaot  with  residtial  silicon. 
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'iho  proportionfi  of  the  a-  and  p-phaaoe  ptreaent  in  the  matorlal  wore 
determined  at  etagos  during  convongion  and  the  rolationahip  between  the 
a and  p content  and  the  nitridation  kineticB  ia  shown  in  Pig.  49.  Prom 
Pig.  49  it  can  be  aeon  that  initially  the  rate  of  a~phase  formation  ia 
constant  and  that  tiie  rate  of  p- phase  formation  begins  to  decrease  at 
the  oacie  time  as  the  rate  of  a formation  increases,  the  amount  of  p 
formation  eventually  becoming  zero.  Die  moan  a/p  ratio  of  RBSN  produced 
from  this  powder  at  nitrogen  proGsuies  of  50-20C  torr  was  consistently 
determirvBd  as  ~70/30, 
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!jf5»2  Onwaahed  Mpnaanto  ailloon  powdor 

foatuTGB  of  tho  uevolopment  of  miorostructiiTD  objorvod  during: 
tho  nitridation  of  oompacto  of  tiiie  poijder  iii  nitrigon  at  50  torr  ware 
Qimilax  to  thooo  fo\md  for  tho  washed  powdor,  in  particular  tho  foroation 
of  a oilioon  notwork  and  tho  subsoquont  nitrido  growth  in  tho  nock  rogions 
of  tlio  network.  One  noticeablo  differonce  botwoon  tho  two  poy^doro, 
however,  was  tho  growtlj  of  aiUoon  nitrido  insido  tlio  silicon  particloo 
d\iring  tho  oarly  part  of  tho  reaction,  as  shown  in  Pig.  50.  The  nitrido 
insido  tho  particles  should  not  bo  ooefusod  with  the  nitrido  visible 
whoro  the  section  is  taken  across  a nook  region  in  tho  sanplo. 

Iho  prcsenco  of  impurity  phasos  in  tlio  siliocn  po\\rder  is  shown  in 
Fig.  51  and  althougii  the  reflootivity  of  the  silicon  and  the  impurity 
plviso  is  very  similar,  tho  preoonco  of  such  pliasos  was  oisually  indicated 
by  tho  accompanying  cracking  of  the  surrounding  silicon. 

Ono  other  typo  of  nitrido  morphology  observed  in  this  HBSN  was  tlio 
blade— like  features  shown  in  Pig.  52;  well— foimod  crystals  of  silicon 
nitride  oan  also  bo  seen. 

Bio  a and  p contents  of  tho  nitriding  poi^dor  compact  ore  described 
in  l-ig.  55.  Por  fully  nltridod  compacts  the  a/p  ratio  was  approiimatoly 
tiio  samo  os  tliat  found  for  oompoots  of  I»3onannto  washed  powder. 


Unwashed  Monsanto  powder,  Isostatioallo^  pressed 
at  140 

^3^0'’Cf  50  torr  of  nitrogen,  50  laimitos. 

Rjlished  section,  reflected  li^t,  showing  silicon 
net\/ork  and  initial  nitride  formation. 


^G,  51s  Umrashed  Monsanto  ixjwder,  isostatically  pressed 
at  140 

1370®C,  50  torr  of  nitrogen,  15  minutes. 

Polished  section,  reflected  li^t,  sho\mig 
cracking  of  silicon  adjacent  to  impurity 
phases. 


I 

I 

I 


Fm«  52;  Unwashed  Monsanto  povder,  isostatically  pressed 
at  140 

1570®C,  50  torr  of  nitrogen,  20  hours. 

Scanning  electron  micrograpii  showing  blades 
of  silicon  nitride  and  well-formad  crystals. 
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obaerved  in  compacts  of  Koch-Lt^t  aillcon  pov/der  when  nitrided  in 
nitrogen  at  76O  torr.  T5ie  overall  picture  ia  very  oomplox  and  the 
preBonoo  of  vrfiiaker  type  growths  makes  eiaminatlon  by  SIM  extremely 
diffionlt.  Relished  oectlons  of  the  material  ^ however,  do  reveal  some 
persistent  features  present  in  the  microatructuro.  the  early  stage  of 
nitridation  no  oontinuous  silioon  network  was  formed,  althougji  some 
particles  were  joined  by  an  impurity  phase  material.  This  is  particularly 
well  defined  in  Pig.  55 » oven  thou^  the  ref lectivi ties  of  the  silicon 
and  the  imiJurity  phase  are  very  simileLT.  During  this  early  period  of 
nitridation  the  majority  of  the  silicon  nitride  formed  was  associated 
with  this  impurity  phase  and  in  all  oasos  the  impurity  was  assooiated 
with  the  presence  of  largo  holes  in  the  surrounding  microetructurc.  The 
wliiskors  formed  during  tliis  initial  period  arc  shown  in  Fig.  3^?  and 
tliesQ  may  form  a bond  between  eomo  particles  of  the.-  compact  but  it  was 
not  possible  to  confirm  tliis.  As  nitridation  proooodod  the  developing 
micro  structure  was  characterized  by  two  tj'pes  of  silicon  nitride,  lar">' 
non-poroun  areas  containing  some  residual  silicon  or  imiTuritj-  iiluiso 
material , particularly  well  illustrated  in  Pig.  57 » and  the  prooonoo  of 
whiskor  typo  matorieil.  Hio  vTliiokor-like  features  exhibited  many 
different  morphologioB,  soiuo  of  which  aro  sliown  in  Pigs.  56  and  5^. 


Divring  the  wholo  of  the  nitridation  reaction  thoro  was  no  ovidenco  of  n 

(12) 


mechanism  following  the  Atkinson  et  al.'  ' raodol.  One  other  feature  of 
tlio  microstructur©  was  the  irrooence  of  cryetols  of  hexagonal  sootion  in 
sonvo  silicon  particles,  os  sliown  in  Fig.  59. 

The  phase  composition  of  the  silicon  nitride  formed  during  conversion 
in  doscribod  in  Fig.  6l  and,  in  contrast  to  the  Monsanto  tj^po  material, 
tlvo  «/('  ratio  of  the  fully  nitridod  ceramic  was  approximately  20/00,  with 
tlm  n content  be  ing  fomod  ontiroly  during  tlie  initial  109i.  of  tlin  roaetlon. 
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I 
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Eoch-Li^t  99»9?o  powiter,  iBoetatlcally  pi-euupd 
at  140 

760  torr  of  nitrone Tj  TO  laijnuiA^B, 

Boliahod  section,  ireflocted  lij^t,  showing  a 
largo  void  caused  by  iinpiirity  phase  melt-out. 


STIG,  55;  Koch-Light  99.9%  powder,  isostaticallj'  pressed 
at  140 

1570*0,  ^60  torr  of  nitrogen,  10  minutes. 

Polished  section,  reflected  li^t,  showing  an 
impurity  phase  joining  the  origiml  silicon 
particles.  Initial  nitride  foamation  can  >)e 
seen  to  be  associated  with  the  impurc  regions 
of  the  oompact. 


wiMiiMmBBm 


at  140 

1570°C,  760  torr  of  nitrogen,  1 ho\\r. 

Scanning  oloctron  micrograph  showing  whislasr- 
typo  reaction  product. 


FIG,  57  s Kooh-Li^t  99»9/>j  powdor,  isostatically  pressod 
at  140 

1370*0,  ^60  torr  of  nitrxigen,  5 hours. 

Iblishod  section,  reflected  li^it,  sho\dng  areas 
of  non-poix)UB  silicon  nitride  containing  none 
residual  silicon. 


I 


yiG.  'jQ:  Kooh-Lif^it  99,9^o  powdur,  iBootutically  preuood 
r.t  140 

lyjO^C,  760  torr  of  nitaxi^^n,  5 hoiuin;. 

Scanning-  olootron  ndcrogx*apii  allowing  wtiiohav 
morphology. 


FIG«  59:  Kooh-Iii{^i:  99»9%  powder,  iaoBtaticolly  pressed 
at  140 

1570*0,  760  torr  of  nitrogen,  5 bouro. 

BsUshed  section,  reflected  liglit,  showing  crystals 
of  hexagonal  section  in  a silicon  particle. 
VJhiskeiv-type  material  can  bo  seen  on  the  ox’tside 
of  the  particle. 
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FIG.  60:  Koch-Li^t  99.9/o  silicon  po\/dor,  isostatically 

-2 

pressed  at  I40  IUfa  . 

1570*0,  760  torn  of  nitrogen,  6/  hoxirs. 

Polished  section,  reflected  li^.t,  shovri-ng 
fully  nitrided  niatorial. 


mm 


time/hours 


Phaae  composition  of  RBSII  produced  I'rora  ]:och-Li£;lit 
yO,9-;S  powder;  alpha  and  beta-silicon  nitride  content 
Yo  timo. 


alpha^o  — Jo  of  silicon  nitride  as  alplia  x conversion. 
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Kcr  yojijc*'^  U o ilo  clop. >«  iit  oi'  iii.i  :"-'£i I r’acti.ro  d a’in/?  tlie  i\ao1ii>n- 

I'Oiuiiiv  oT  t.ilioon  povdai'  •^irapa.'Jta  j i a rL  .rxi,  oii  fitiaouphoi'o  .luo  booii 

dliK'uunod  in  toms  ol  tno  thicKiirtu^  ol'  a l’ibx''>un  nuit  of  niiicon  nitiido 

{ t>  5 ) f 1 ? ^ 

’ , 1510  work  of  AtJuiiBon  et  ivl.  ahowod  tiuit  dnrirvT  flw- 

roao  i.ion  botwooii  iniro  ailioon  Jind  nitro^^n  tlio  fona;itioTi  of  n fibroun  uvit 

\r\t-.  not  a pi-odomiiumt  feature  of  nitridatiou  and  tlio  pi-ueent  otul^'  would 

inip!x)rt  tluii  view  with  the  exception  of  t'lo  l\och-Ia,-dit  powder  wlmili 

exhibited  tlie  laat  featuree  I'ofori'od  to  above.  IXirirv:  tlic  iiu  tial  imriod 

of  nitridi'.tion  of  tliu  waolied  mid  unvreuilied  Il)nflmito  I'owdei'u  tlu>  in-o- 

dominant  feature  obnorvud  in  the  microBtructnro  vmn  tlie  fomwition  of  a 

continuous  aiiicon  netwrk.  'fiio  fact  tluit  no  domif ication  occur/iui 

durin<<  tide  ixjriod  ruloe  out  tho  ixuiuibility  of  a Bolid-atato  diffunion 

ueolimiium  for  Uio  formation  of  nccku  betiAion  adjacent  ivirtiolon.  Ila'  two 

iQoclimiuinn  caiiablo  of  providii^^  tliio  lu^ol:  foriaiiion  aro  (a)  ovnixM-atiou 

a^.<^  oondonantion  of  niiicon  and  (b)  HUifaco  difriuiiou  of  nilioon. 

.^ftor  the  oil  icon  network  line  fom'kid,  tlu>  ficet  signs  of  lulioiui  lutiudu 

c m bo  oboeiwd  in  tho  compact.  l'V>r  tho  vm.jlied  Honomit<>  po\Aior  tiun 

inltini  nitride  fonn/ition  iu  observed  oxclusivoly  In  tho  nock  migionn 

of  i-jii,  t llicon  not.w<.irk,  but  for  the  unwaclied  Momuuito,  oilic.ni  nitride 

c;ui  oJno  bo  ooor  inoide  tJui  niiicon  particloo  i/lu.-u  a crosn-oectiou  of  U)i 

comivicf.  it!  o/iuninod.  Tlui  idtriito  in  the  neck  iMgiom'.  elunn;  a Dtirked 

otuu-l  Lriiy  t.)  ttiat  fonaed  by  tlio  "olieiiiical  vni>nu"  doivioitioii"  of  silicc:; 

nitijdo^^^\  mirfjuio  toixigrapliy  lioin^r  tlui  nuuo  mid  tlio  doixmitn  all 

npppariin;  to  bo  fnl.Iy  doiuie.  Tlio  donso  nnturo  of  tlui  doixuiits  omi  bo 

gjiiiv^nd  frem  1'd.g.  62  wliich  olinvm  tlir  ixicults  of  mi  civ>liarilnei)s  !m!iu>u.T\mx>ntii 


on  vnrioiui  tyixui  of  olllcon  nitridi-  and  it  can  bo  soon  that  the  Hnuimito 
nock  ixtgion  nitride  in  evon  liardor  tlinn  hot-iTroaiu'd  silicon  nitrido. 

Ad  crynialtirui  doixisttn  of  itilicon  nitrido  foiuiod  I'y  CVI)  >iavi  boon  tonne 


load/gm 


3 4 5 6 7 8 9 10  11  12  13 


indentation  diagonal /um 

j 


PiG#62*  Microhardnesa  data  for  various  allicon  nitrides 
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to  bo  tho  a— phaao  , ^ilch  is  tho  prodomlnont  pliaoo  fomed  during  tho 

nitridatlon  of  tho  Monsanto  povidore*  Diin  crystalline  dopoaits  of  CVD 
niatorial  art'  also  known  to  bo  tranoluoent  and  the  ixrosonoo  of  tranolucont 
oilioon  nitride  is  shown  in  Appendix  5»  ovidonoe  above,  oouplod  witli 

tho  fact  that  nitride  fonoation  occurs  in  regions  of  low  vapour  prossuie, 
suggests  that  during  tho  initial  stage,  nitridation  procoodo  via  a vapour 
ph  tao  reaction#  The  loost  proboblo  forms  of  vapour-phaso  reaction  to 
tako  plaoo  in  the  compact  are  (l)  tlie  reaction  between  silicon  monoxido 
and  nitrogen  and  (2)  tho  reaction  between  silicon  vapour  and  nitrogen. 

Tho  sllioon  monoxido/nitrogon  reaction  hao  boon  shoi/n  to  produce  silicon 
nitride  'Alskera^^^^^.  In  tho  silicon  compact  silicon  monoxido  will 
become  available  by  tho  active  oxidation  of  silicon  as  doscribod  by 


Wagni: 


=r<57). 


as  soon  as  tho  ourfaco  layer  of  silica  oretuid  tho  silicon 


particlos  has  boon  ruptured.  Boyer  ot  al.'"^  ' ha\'D  doscribod  tho  active 
oxidation  mochanism  portinont  to  HBSN  formation.  In  tho  opinion  of  somo 
vrorkors^^^^  tho  sllioon  monoxido/nitrogon  reaction  may  play  an  importiint 
port  in  the  nitridatlon  of  silicon  powdor  oompaetD,  Atkinson^ 
ho\/over,  hao  shown  tho  maximum  nitridatlon  rnto  possible  from  this 
reaction  to  bo  1.2  x 10  'gm  “Ti  . liormal  nitridatlon  rates  obsorvod 


by  Atkinson'  , howvor,  wore  of  the  ordor  5 fjn 


In  tho  nitridatlon 


of  pure  silicon  powdor,  thorefore,  it  is  luilikolj'^  that  tho  nitridatlon  of 

silicon  monoxido  is  a signlficniit  reaction.  Tho  nitridatlon  rnto 

capable  of  boixjg  stistnined  by  tho  evaporation  of  silicon  at  1550'’C  is 

50  gm  and  therefore  tho  nitridatlon  of  Si  can  readily  susta-in  tlio 

{? 

obnorved  rates. 

/ 20  ^ 

Tho  lower  free  energy  of  p-silioon  nitrldo'  ' comiJorod  with  tho 
a form  suggosto  tlmt  p-eilioon  nitride  will  bo  produced  only  wlion  atomic 
rearrangemont  can  tako  place  during  the  nitridatlon  leaotion. 


If  tho  above  ia  oorroct  then,  In  the  nitridation  of  tlio  Monsanto 
povAiorc,  the  a— liinao  content  yill  be  fenced  from  reaction  botwoon  silicon 
vapour  (from  silicon  ovap iration)  and  nitrogen  gaa.  RBfN  foroed  from 
the  Monnanto  powders  also  contain  apFTe:ximtely  25%  of  the  |3-pliasu  and 
from  observation  of  the  nicrostruoture  (Figs.  45-47)  it  is  door  that 
the  nitridation  model  of  Atkinson  et  al.^^^^  is  occurring  in  the  syntom, 
Hiis  involves  reaction  between  silicon  in  the  solid  state  and  chemi- 
sorbed nitrogen  and  hence  p-sillcon  nitride  would  be  eroooted  to  bo 
formod  from  this  mochanism. 

Taking  into  account  evorj'thing  montionod  above  it  is  pcssiblo  to 
formulate  a model  for  the  nitridation  of  pure  silicon  powdor  oonp>actn 
in  nitrogen  at  50  torr: 

1)  The  ovapOTOtion  and  condensation  of  Bilico:i,  or  surface  diffusion 
of  siliwon,  or  both,  results  in  a continuous  silicon  network  throvwdiout 
tlio  compact  (tig.  65a). 

2)  The  deposition  of  a— silicon  nitride  in  regions  of  lev:  vapour 
proBouro  occirrs  as  a reBu.''.t  of  the  reaction  botweon  silicon  cjid  nitrogen 
in  the  vapour  phase  (Pig.  Sjb), 

5)  As  the  radius  of  curvature  of  the  nock  ro,‘Tio;ie  of  tho  not\.’nrk 

booomos  greater,  then  moro  general  deposition  of  o-silicor.  nitride 

occurs,  p-silicon  nitride  is  formed  via  the  reaction  botwnon  choirlnorbod 

( 10^ 

rj-trogon  and  the  silicon  surface  according  to  tho  Atkinson  ct 
model  (Fig.  65c). 

4)  Tlio  reaction  proceeds  as  in  (3)  until  convorsion  approaohor.  approx. 
'JOjo  at  wliich  stage  p-formation  ceases;  a-formation  oontinuf's  a^j  lon^;  an 
silicon  vapour  is  available  for  reaction. 

For  tho  uramshod  Monsanto  po\^or,  nicrostructuml  devolopraent 
proceeds  in  a similar  nannor  to  that  doscribod  above,  witli  tlio  notable 
oxooption  of  tho  nitride  formod  inside  the  silicon  partiolos.  Ii\  order 
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to  ^Iti  iDot«  information  ooncominc  tliia  plianoaionor-,  croBB— «icctionp  of 
ooinpacto  wore  atohod  in  boiling  5^  NaOH  for  5 minuttjo  in  order  to  dafiiio 
tliG  grain  structure  of  tie  eilioon  particleo.  Pign.  64  and  65  clearly 
allow  that  all  of  the  nitride  within  the  eilioon  io  aaoociated  with  grain 
boundarico.  Tho  nitride  is  aurrounded  by  a region  exhibiting  diffo;ront 
otcliing  characteriaticB  to  the  bulk  silicon  and  soiae  of  tho  nitrlda 
exhibits  a well— formed  crystal  habit  similar  to  tliat  ooLunonly  obsorx’nd 
in  the  formation  of  nitride  from  a liquid  phaao.  TIuh  plionomonon  roquires 
further  investigation  but,  ooneidoring  tliat  tho  only  difference  between  idle 
two  Monsanto  powders  is  tlie  impurity  coutont,  it  would  sooi''  that  tlio 
nitride  on  tho  grain  boundarios  dovolopti  booauso  of  grain  ]>oundaiy  tro- 
purities  and  the  diffusion  of  nitrogen  to  nitride  growth  sites. 

Tlic  proBonco  of  blades  and  well-formed  crystals  in  compactc  of  tho 
unwashed  Monsanto  powder,  as  sliown  in  Pig.  52,  must  also  bo  associated 
with  the  impurity  content  of  the  powder. 

IffiSN  formed  from  the  Koch-Li^t  powxior  showed  no  microotiTicturaJ. 
similarity  to  the  Monsanto  typo  material,  and  tlie  Kooh-Id,'dit  rvateriul 
contained  809o  p-eilioon  nitride  compared  i/itli  a-uilicon  lutride  for 
the  Monsanto  compacts.  Althou^i  a continuous  silicon  network  Wiic  nc'L 
formed  during  tho  initial  stage  of  nitridation,  somo  silicon  particloc 
wore  joined  by  an  impurity  phase  as  sliown  in  Ihg.  55*  prooenco  of 

such  impurity  phase  material  irae  always  associated  witli  la'c^^o  holes  in  tlie 
miTTminding  structure;  thie  has  also  been  domonotratod  by  AnnuhvLo  and 
Ibulson^^^^^  for  silicon  compacts  containing  iron  dlsilicido,  PoSi^.  ilio 
majority  of  tho  nitride  formed  during  the  early  stagoo  vnu;  foxuid  witliiii 
tlio  impurity  phase,  as  shown  in  Pig.  55*  continued  nitridation  in  those 
regions  giving  rise  to  tlio  largo  doiuio  formations  of  nitrido  shown  in 

57*  In  tho  autlior'n  opinion  tlio  majority  of  nitrido  formod  during 
thn  nitridation  of  conpoctci  of  tlio  Koch-Id.i'dit  povrdor  is  prodnood  via  the 
nucloation  and  groirlih  of  silicon  nitrido  in  llqn.ld  iminirity  phaiioo 


Unwaahod  Monoanto  ellioon  powder,  ieostatically 
pressed  at  14O 

1570‘’C,  50  torr  of  ziitrogen,  20  miimtoo. 

Itolished  section,  etched  in  % HaOE  for  3 uinutoe 
at  lOCC,  rofleotod  li^t. 


Nucloation  of  silicon  nitride  on  /^cain 
boundaries. 


! 

I S£.».  Unwashed  Monsanto  silicon  powder,  iaostatioclly 

pressed  at  14O 

! 1370®c,  50  torr  of  nitrogen,  1 hour. 

ji 

Polished  section,  etched  in  % NaOH  for  5 minutes 
ii  at  100®C,  reflected  li^t, 

i Growth  of  silicon  nitride  along  grain 

|j  boundaries;  note  the  possiblo  oxistenco  of  a 

different  phase  betvioen  the  silicon  and  tlio 
silicon  nitride. 


I 
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contaiaing  silicon  and  nitrogen  in  solution.  Ad  silicon  io  rcioovcd  from 
solution  by  reaction  with  nitrogen,  then  more  silicon  will  bo  taken  intc 
solution  from  the  surroxinding  material  and  the  impurity  phaso  will 
progress  into  the  iinreaGted  silicon.  The  Koch-Light  powder  contairr: 

A1  and  0,^'e  both  of  which  id.ll  fom  liquid  phases  wi.th  silicon  at  t,he 
nitriding  temperature,  1570*C.  The  a-phaao  content  of  the  Koch-Ligiit 
material  was  fomed  entirely  during  the  initial  of  conversion  which 
suggests  that  vapou2>-phas6  reactions  play  very  little  part  in  tiie  formation 
of  silicon  nitride  in  this  system.  SBM  studies  of  the  micros true turo  ehov; 
that  the  a-content  may  well  be  associated  with  the  formation  of  a fibrouc 
reaction  product  as  shown  in  Pig.  ^6,  the  appearance  of  which  also  occurs 
exclusively  during  the  initial  stages  of  the  reaction.  The  relationship 
between  the  aluminium  content  of  silicon  powder  and  the  largo  propor+ion 
of  beta-silicon  nitride  product  has  also  been  noted  elsewhere 

Althou^i  it  is  possible  that  many  mecliardsms  of  nitridatior.  are 
taking  place  during  the  conversion  of  comppcts  of  Koch-Lifdi+'  99.9fi  siliccu 
to  H3SH,  the  microstructural  observations  of  this  present  sbicij  eu^cgesl 
the  foUoidng  model  of  nitridation: 

1 ) The  surface  layer  of  Si02  on  tlie  silicon  particles  is  renvr'cd 

following  the  mechanism  proposed  by  Boyer  ot  the  moultin,"  SiC' 

reacts  with  nitrogen  to  form  whiskers  of  a-silicon  nitride  (i'hg.  6'ja). 

2)  Pa-Gi  and  Al-Si  imparity  phases  molt  and  flov;  intx>  tlio  TCj-dago 
botiTOen  tlio  silicon  particles  leaving  large  holes  in  tlie  microstru'  I re 
(Pig.  66b). 

3)  Nitrogen  is  taken  into  solution  in  the  liquid  pliasos  ana  p-oilic 
nitride  is  nucleated  in  the  liquid  phase.  As  silicon  is  taken  out  of 
solution  to  form  solid  silicon  nibridc,  the  impurity  phat''o/ailicon  inter- 
face moves  forward  as  the  silicon  content  of  the  liquid  pliase  ir  maii.tfu..it>d 
Silicon  nitride  continues  to  grow  in  tlic  liquid  phase  resulting  in  large 
dense  areas  of  p-silicon  nitride  (Pig.  66c). 


(a)  formation  of  fibrous  alpha-silicon  nitride 


(b)  flow  of  iiyuid  impurity  phases 


(c)  Growth  of  bota-sillcor  nitride  in 


Hi triJatioii  model  for  Xocli-Licht  9‘d.9- 

760  torn  of  nitro^jcn  at  137o‘’c, 

sil  i 

C 
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6.  GENa^AL  DISCUSSION 
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The  major  aim  of  the  preotint  atudy  was  to  correlate  the  Youi./;’  . 
Modiilus  of  RBSN,  at  vartouu  otaf^e  of  conversion  from  a silicon  powder 
compact  to  a ceramic  body,  with  its  mlcrootructiire  find  piu:0:  cemposit  ■ 
During  the  course  of  the  study  nu'uiy  orperimcaatal  tccliniquca  were 
employed  and  they  are  now  briefly  aaalyoed. 

The  use  of  a dynajnic,  non-destructive,  method  foi-  the  t.  rmina-t  ■' 
of  E was  found  to  give  very  accurate  and  reproducible  rosuiti  't  all 
stages  of  conversion.  Some  special  care,  however,  was  required  in  th; 
preparation  of  test-bars  frera  li^ditly  nitrided  compacts.  Tlie 
"electrostatic"  apparatus  cfur  also  be  used  for  the  measurement  of 
"intomal  friction",  one  application  of  which  would  be  the  non i t .rin^j 
thermal  shock  damage,  since  energy  losses  in  the  nirterial  ar-.  proport- 
ional to  the  amount  of  cracking  present  in  the  sample.  A non-l<  si rue- 
method  has  the  added  advfuitago  that  test-bars  can  undergo  fiirth.  r 
reaction  after  testing  and  the  resultnnt  change  i:'.  prop^'r!'-  i 
determined  on  the  same  sample. 

Of  the  methods  usod  for  observing  thp  mlcrostructure  o* 
optical  microscopical  examination  of  iKilinhod  sections  yic-'  i 
useful  general  information.  Scanning  electron  microscopy  la  < 
technique  for  observing  f?rowth  morphology  but  uni’ortunatejy  i 
distinguish  between  different  phases,  particularly  between  : ■ iicen 
silicon  nitride.  Tho  observations  made  on  etched  polisl.el  s,e'.  • 
shown  to  be  of  value  in  corrolatin,g  nitride  miclcaticn  sites 
boundaries  in  the  silicon,  and  it  is  recommended  that  m ar^'  . 
studies  of  the  micro structure  of  RBSN  this  technique  should  be  i 
exploited.  Electron-probe  raicroanalysi s was  not  extenjiv  'ly  uii=  i ’ * 
frwn  the  experience  of  observations  made  on  polished  sectloni  it  ; 
liKely  that  sucli  a technique  could  be  of  value  in  determining  nitridv 
growth  mechanisms,  particuliirly  vdvon;  liquid  phase  reactions  ata  t ■ ' ; r 
to  be  occurring. 
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TTie  friable  nature  of  RBSII  at  low  extents  of  conversion  presented 
problems  with  the  preparation  of  polished  sections;  it  is  rocamme/ided 
that  such  samples  shovild  not  bo  m;ichined  or  ground  usin^  coarse  abrasive, 
in  the  present  study  tlio  coarsest  abnsive  used  was  6 micron  diamond 
sprEiy . 

The  use  of  spherical  silicon  was  not  as  successful  as  was  hoped 
because  of  the  aluminitmi  contamination  which  occurred  during  spheroidisation. 
The  photomicrographs  shown  in  Appendix  4f  however,  illustrate  that  the 
use  of  such  particles  does  provide  a very  clear  picture  of  aeveloping 
microstructure.  Another  possible  disadvantage  in  the  use  of  spherical 
powder  is  tl.e  difference  in  specific  surface  area  when  compared  to  the 
normal  .uigular  powder  particles,  resulting  in  a difference  in  reaction 
rates  in  the  present  case. 

The  theoretical  relationship  derived  from  lahai  and  Cohon's 

(lOO)  throo-phase-composite  model  accurately  predicts  the  linear  slope 

of  the  experimentally  determined  relationships  for  all  of  the  powders 

investigated.  This  suggtists  that  the  treatment  of  as  a tnre*3-p1  aoo 

composixe  of  silicon,  silicon  nitride  iuid  porosity,  with  all  the 

components  affecting  the  modulus  of  the  material,  is  essentially  correct. 

The  constant  deviation  from  the  predicted  value  of  E at  any  i'"^,  however 

implies  that  the  model  is  not  an  exact  representation  of  the  practical 

situation.  For  a material  such  as  partially  nitrided  RBSIC,  wl'.ich  li:\8  a 

complex  and,  as  the  reo-ction  proceeds,  continuously  changing:  micro- 

structure,  this  is  not  surprising  and  one  diffic\ilty  is  probably  the 

correct  modelling  of  the  void  content  of  the  materi.al.  The  model  considers 

pores  to  be  an  Isolated  dispersed  phase  in  the  composite  matrix  whereas 

much  of  the  pornaity  of  RBSl^  is  interconnected,  p;urtlcul;xrly  at  low 

values  of  P . 

' n 

For  the  compacts  of  Monsanto  silicon  nitrided  ,at  nitrogen  paajstnm.'S 
below  atmospheric,  the  silicon  content  was  also  shewn  to  be  int.  r- 
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connected  at  low  values  of  Indeed  the  development  of  a continuous 

etlicon  network  was  shown  to  account  for  the  initial  steep  rise  in  E, 

as  demonstrated  by  the  measurements  made  of  the  modulus  of  vacuira- 

_2 

treated  silicon  compacts  which  reached  a limiting  valiie  of  55  GNm 
Althou^  the  theoretical  model  also  predicts  an  initial  steep  rise  in 
modulus,  this  is  due  to  an  entirely  different  reason.  For  the  green 
silicon  compact  Cgjj  = 0 and  hence  = 0;  as  silicon  nitride  is  formed 
the  model  predi.cte  a steep  rise  in  modulus  as  it  considers  the  silicon 
nitride  to  form  a continuous  network.  Mathematically  this  is  detomined 


by  the  term 


L f “sB 


■ The  model  assumes  a continuous  silicon 


nitride  (Egjj  = 510  GNm  ' ) network,  whereas  in  practice  a silicon 

(Egjj  =110  GNn“^)  network  is  formed  initially,  and  hence  a lower  value 

of  E^,  that  that  predicted  by  the  model,  would  be  expected  during  this 

initial  stage  of  nitridation.  The  experimental  data,  as  shrwn  in 

Fig.  35»  in  accordance  with  the  expected  low  value  of  E . 

c 

Althou^  it  has  been  demonstrated  that  the  silicon  notwerk  • n 

-2  . 

account  for  a modulus  value  of  35  GN™  » the  experimental  r.  l(i  ■ : 

ship  does  not  become  linear  until  a value  of  65  GNr.,  is  attained.  . 
suggests  that  a different  moclianism  of  strength  dovelopmont  Is  occurri; . 
between  (a)  the  formation  of  a silicon  network  and  (b)  the  rjechmiimi 
giving  rise  to  the  linear  dependence.  Prom  the  m.icrootructUT-il 

observations  made  at  stages  between  (a)  and  (b),  (Pigs.  43,  44),  modulu. 
development  can  be  seen  to  be  duo  to  the  formation  of  silicon  nitride  in 
the  neck  regions  of  the  silicon  network.  As  tho  necks  will  be  the 
"stiffness-determining"  regions  of  the  network,  nitride  formed  hero  will 
increase  the  modulus  of  the  material  to  a greater  extant  than  .\t  later 
stages  when  the  nitride  formation  occurs  more  generally  over  the  surfacos 
in  the  compact. 

Evon  though  the  differonco  between  tho  theoretical  and  c xpcruuontal 
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dnta  for  the  early  ata^s  of  nltrldation  c.in  bo  explained,  the  fact  tluat 
a dlfforenco  still  exists  at  higlier  conversions  is  more  difficult  to 
explain  In  terms  of  the  I'd.crostructure  observed.  The  most  obvious 
difforoncG  between  the  model  and  the  actual  situation,  at  these  later 
sta^s  of  conversion,  is  the  large  channels  of  porosity  tlvit  exist  in 
the  mlcrostructiire  and  which  originate  during  the  formation  of  tJie 
silicon  network.  Such  channels  will  still  exist  as  nitride  fon;iE  on  tho 
silicon  surfaces,  and  will  not  be  eliiainatod  until  sufficient  nitride 

has  been  produced  to  intorconnoct  across  the  channels.  For  RUSK  of 

-3  -3 

P = 2400  kgm  , formed  from  a silicon  compact  of  ^ = 15OO  kgm  those 

cliannels  still  exist  in  the  micTOstructure,  as  shown  in  Fig.  hj . The 

inhomogeneity  in  the  structure  caused  by  the  channels  will  reduce  the 

modulus  of  tho  material  and  is  a possible  reason  for  tho  difference 

between  the  theoretical  and  experimental  data.  At  higher  nitridod 

densities  it  is  expected  that  cross-linking  would  occur  across  tlic 

channels  and  the  experimental  data  should  approach  tho  theoretical  cuta-o 

of  Ishai  and  Cohort 

The  Young’s  Modulus  cU'.ta  for  the  "unwashed"  Monsanto  silicon  comp  .ot 
showed  no  significant  difference  to  those  of  the  washed  powder  and  an 
the  microetructures  of  tlio  RBSiN's,  formed  from  tho  two  Monsanto  natori  ;; 
were  very  similar,  it  can  be  concluded  tliat  tho  saino  moch'uiismo  of 
strength  dcrvelopment  are  taking  place  in  both  instances. 

KBSN  formed  from  tho  Koch-Liglit  99.9"t  silicon  powder  (HTO'C, 

760  torr  of  N^)  was  of  a consistently  lower  Young's  Modulus  than  tlio 
Monsanto  nifitorial  and  the  relationship  was  linofir  over  the  wliolo 

range  of  investigated.  A linear  relationship  was  also  observed  for 
tho  compacts  of  "unwasliod"  Monsanto  powdor  nitridod  in  nitrogen  at 
760  torr,  and  tho  common  feature  of  the  microotructure  of  these  matcrlMle 
was  the  lack  of  a continuous  silicon  network  during  tho  Initial  stage  of 


Fig.  67 . Washed  Monsanto  silicon  powder,  isostatically 
pressed  at  I40  Mlfea  . 

1570°C,  50  torr  of  N2,  50  hours. 
S.E.M.  of  fracture  surface  showing  long  (200 nm) 
channel-like  void. 


Koch-Lig^t  silicon  powder,  isostatically  pressed  at 
140  MNfi“^. 

1370^0,  760  torr  of  N^f  B hours. 

S.E.M.  of  fracture  surface  showing  ^diisker-type 


reaction  product. 
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nitridation.  Although  the  unwashed  Monsanto  compacts,  nitrided  in 
nitrogen  at  76O  tomr  Initially  showed  a lower  modulus  than  the  compacts 
nitrided  in  nitrogen  at  50  torr,  the  modulus  values  did  become  coincident 
as  nitridation  proceeded.  The  Koch-Light  compacts,  however,  exhibited  a 
lower  modulus  value  at  all  values  of  ^ with  the  modulus  value  being 
directly  proportional  to  the  amount  of  nitride  present  over  the  whole 
range  of  The  fact  that  no  steep  rise  in  modulus  was  observed  during 

the  initial  stages  is  consistent  with  the  fact  that  the  formation  of  a 
continuous  silicon  or  silicon  nitride  network  was  not  observed  until  the 
later  stages  of  nitridation.  The  difference  between  the  Yoimg's 
Modulus  of  the  Monsanto  and  Koch-Li^t  RBSN's  cannot  be  explained 
satisfactorily  from  the  microstructural  evidence,  but  it  can  be  con- 
cluded that  RBSN  formed  from  silicon  powders  containing  iron  and  aluriiniir: 
at  the  1 wt%  level  has  a lower  value  of  Young' s Modulus  than  RBSN 
produced  from  pure  silicon  powder. 

During  the  early  stages  of  conversion  of  the  Koch-Li^t  silicon 
compacts  no  silicon  network  was  formed  but  a largo  amount  of  wiiinker 
growth  was  observed.  In  view  of  the  low  value  of  the  elastic  moiulus 
for  such  compacts  the  whisker  growth  cannot  be  effective  in  bonding  the 
loose  silicon  particles  in  the  compact.  Also,  where  no  whiskers  or 
silicon  network  were  formed,  for  example  in  the  case  of  the  "unwashed" 
Monsanto  nitrided  in  nitrogen  at  760  torr,  the  initial  rise  in  modulus 
was  comparable  to  the  situation  where  vrtiiskers  were  present.  It  seems 
tmlikely,  therefore,  that  whisker  growth  plays  a significant  part  .in 
modulus  develojmient  during  the  first  stages,  approximately  20/0,  of  the 
conversion  process. 

Part  of  the  background  to  the  present  study  was  the  work  of 

(12) 

Atkinson  et  al.  ' \diich  showed  that  pure  silicon  powder  of  mean 
particle  size  65  microns  could  not  be  fully  converted  to  silicon  nitride 
when  nitrided  at  1350°C  in  nitrogen  at  76O  torr,  but  that  100?:’'  conversion 
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could  be  obtained  at  lower  preseurcs  of  nitrogen  because  of  a change  in 
the  nitride  growth  morphology.  The  reaction  mechanism  proposed  by 
Atkinson  et  al,  is  described  in  Section  2.2.2  and  involved  a siirface 
reaction  between  chemisorbed  nitrogen  and  silicon.  No  mention  was 
made,  however,  of  the  phase  composition  of  the  resultant  RBSN.  Recent 

(52  53) 

studies  ’ of  the  formation  of  a and  p-silicon  nitride  during  the 
nitriding  of  commercial  type  silicon  powder  in  nitrogen  at  76O  torr 
suggest  that  two  separate  reactions  are  involved,  one  forming  p and  the 
other  forming  a.  The  possibility  of  two  separate  reactions  must  also  bo 
considered  for  low  prossure  reaction-bonding  of  high  purity  silicon 
powder. 

The  present  concensus  of  opinion  concerning  the  two  pliasos  of  silicon 

nitride  is  that  both  are  polymorphs  of  Si^N^  with  a being  a metastablo 

form,  the  growth  of  one  or  the  other  being  determined  by  kinetic  mtb.cr 

than  thermodynamic  considerations.  If  n-Si^N^  is  a metastible  fornj  then 

the  reaction  mechanism  lc<iding  to  its  formation  must  bo  one  in  which 

atomic  rearrangement  to  the  more  stable  p configuration  is  not  possible . 

Vapour-phase  reactions  meet  the  above  condition  and  it  has  been 
(52  *13  '^6^ 

suggested'  ’ ' that  a formation  is  associated  with  oilicon-bcarln,e 

vapotir  species. 

The  normal  growth  morphology  postulated  for  ot-silicon  nitride  Kao 
been  the  whiskers  commonly  observed  in  previous  studios  and  wliich  can  be 

/ T^o\ 

produced  by  the  silicon  nonoxido/nitrogon  reaction^ ^ . It  has  also 

(26) 

been  suggested'  ' that  the  presence  of  nt-silicon  nitride  in  RBSN  is 
always  accompanied  by  whiskers.  The  present  study  and  the  work  of 
Guthrie^  however,  show  that  n can  be  formed  in  other  tKan  a whisker 

type  morphology  and  the  lack  of  whiskers  in  the  present  study  of  hif^i- 
purity  silicon  rankos  it  probable  tKat  silicon  monoxide  does  not  play  a 
significant  role  in  reaction-bonding  under  such  conditions.  It  lias  also 
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been  argued^  that  the  maxlumm  possible  flux  of  oxygen  awav  from  thc- 
site  at  which  the  silicon  monoxide  is  nitrided  is  not  sufficient  to 
sustain  the  reaction  rates  commonly  observed  in  the  production  of  RBSIJ. 
The  most  probable  silicon  species  to  bo  involved  in  alpJia  formation  is 
silicon  vapour,  the  availability  of  \diich,  estimated  from  vapour 
pressure  data^  06)^  sufficient  to  explain  the  observed  reaction  rtitea. 

The  KBSN  produced  from  hi^-purity  silicon  ha.d  an  a -phase  content 
of  709^  with  the  formation  rate  being  linear  during  the  early  part  of  the 
reaction  as  shown  in  Pig.  49.  There  is  an  indication  in  Fig.  49  of  a 
small  increase  in  a fonoation  wiion  the  beta-forming  reaction  ceases. 

This  would  be  the  result  of  extra  nitrogen  being  available  for  reaction 
with  silicon  vapour;  the  supply  of  nitrogen  being  rate  controlling  ' t 
this  stage.  The  direct  nitridation  of  solid  silicon  by  gaseous  nitrog 

(12) 

as  described  by  Atkinson  et  al.'  ' is  seen  from  the  present  study  to  b- 
the  p -forming  reaction.  This  reaction  effectively  stops  before  the  x- 
forming  reaction  because  surface  diffusion  distances  become  too  gT>-, 
sustain  the  supply  of  silicon  to  reaction  sites. 

In  the  nitridation  of  hi^-purity  silicon  the  reactions  invo  cd  . 
the  formation  of  a .and  P -silicon  nitride  c.an,  therefore,  bo  sumamari 
as  follows: 

(a)  reaction  in  the  vapour  phase  between,  silicon  and  nitrogen, 
resulting  ina-silicon  nitride,  ruid 

(b)  reaction  between  chemisorbed  nitrogen  and  surface  diffislng 
silicon,  resulting  in  p -silicon  nitride. 

Althou,cdi  it  is  not  possible  to  distinguish  between  a ajid  p-siiicon 
nitride  using  optical  microscopical  notho  is,  n act  Lons  (a)  and  (b)  aK-v. 
wore  found  to  oxhibi'*  certain  distingxiishijv?  fcaturos  wtilch  enabled  ti. 
description  of  developing  mlcrostructuro  given  In  Section  S.6.4  to  bo 
made.  Tho  predominant  features  of  microstrvictural  development  In 


compacts  of  pure  silicon  powder  nitrided  at  low  pressures  of  nitrogen 
and  their  relationship  to  the  Young' s Modulus  of  the  compact 

(p  = 1500  kgm"^)  can  now  be  summarised  as  follows: 

S 

(a)  On  the  Introduction  of  the  green  silicon  compact  into  the 
furnace  hot-zone,  neck  formation  occurs  between  powder 
particles  as  a result  of  either  surface  diffusion  or  vapo\ir 
phase  transport  of  silicon.  No  overall  denaification  of  the 
compact  takes  place,  the  pore  volume  only  being  redistributed 
with  long  channel-like  jxjres  developing  in  the  compact.  This 
process,  which  has  also  been  described  by  Greskovich  and 

RoaolowBki^^^*^\  is  accompanied  by  an  increase  in  Young's 

_2 

Modulus  of  the  compact  to  55  GNm  . 

(b)  o-silicon  nitride  is  deposited  in  the  nock  regions  of  the 
compact  in  a dense,  massive  form,  and  the  Young' s Kodxzlus 
rises  to  a value  of  65  GNm  . P-formation  is  negligible 
during  this  stage. 

(c)  a-silicon  nitride  is  deposited  more  generally  over  all  silicon 

surfaces  in  the  compact  because  of  the  increase  in  the  radius 
of  ciirvature  of  the  nock  regions  of  the  silicon  network, 
p-silicon  nitride  is  concurrently  formed  by  the  mechanism 
described  by  Atkinson  et  al.'  , the  relationship  now 

being  linear. 

(d)  p-silicon  nitride  formation  ceases  as  the  sxirface  diffusion  of 
silicon  to  nitride  growth  sites  becomes  limiting.  There  is  a 
corresponding  increase  in  a formation  because  more  nitre, gen  j s 
available  for  reaction  in  the  vapour  phase.  The  E/p^  relation- 
ship remains  linear. 

Although  some  minor  differences  were  observed  between  the  micro- 
structure  of  "unwashed"  and  "washed"  Monsanto  compacts,  as  described  in 
Section  those  wero  not  reflected  in  the  value  of  Young's  Mod\x3us. 
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It  ia  assumed,  therefore,  that  the  basic  mechanisms  of  nitricUition  .uid 
stren^h  development  summarized  above  will  also  apply  to  compacts  of 
"\inwaahed"  Monsanto  powder. 

The  microstructure  developed  in  the  nitrided  Koch-Light  comp;vcta 
would  seem  to  be  determined  by  the  large  impurity  concentration  prosent 
in  the  silicon  jKjwder.  The  imjjurities  are  also  rospcnsib-'-O  for  the  hi 
degrees  of  conversion,  obtained  in  nitrogen  at  760  torr,  in  contrast  to 
those  achieved  when  pure  silicon  powder  of  the  same  particle  size  's 
nitrided.  The  RBSN  formed  from  the  Koch-Light  powder  containe^d 
approximately  80%  p-silicon  nitride  and,  from  the  evidence  doscriboJ  in 
Section  5.5-4,  it  is  probable  that  the  majority  of  the  p growth  occurs 
as  a result  of  the  reaction  betwecm  silicon  and  nitrogen  in  'iquh- 
solution.  Furthermore,  in  the  case  of  tho  Koch-Light  material  the 
a content  was  fo\ind  to  form  predominantly  during  the  initial  stages 
the  reaction,  and  some  of  the  « phase  may  be  present  in  a whisker-typ- 
morphology. 

The  rupture  modulus  data  showed  tho  Monsanto  RT^FJN's  to  be 
approximately  40?^  stronger  tlian  tho  Koch-Ligjit  RBSN  at  all  vsIuls  r 
with  the  "unwashed"  Monaanto  compacts  having  a sli^^tly  higher 
strength  than  compacts  of  the  "washed"  powder.  Althougji  the  Mons.u  'o 
RBSN' 8 exhibited  a hi<^er  value  of  Young's  Modulus  than  that  norr.al.ly 
obtained^^^ ^ for  RBSN,  the  ruptruro  modulus  of  the  material  v-.r 
only  equivalent  to  commonly  observed  strengths  in  commercial  RBSl's 
much  lower  purity.  On  consideration  of  the  tlirec  strer*gth-contrel  ■ t.iv* 
factors,  and  c,  it  is  probablo  that  an  increase  in  critical  cl;  ‘ 

size  is  the  most  likoly  explanation  of  tho  relatively  low  strength  v 
onco\jntered.  This  view  is  supported  by  the  microstructmml  evidence 
fer  tho  existence  of  largo  chnnnol-like  poros  in  tho  Monsanto  RBSN. 

Tho  low  Yormg's  Modulus  of  the  Koch-Light  RBSN  was  re floe  ted  i l! 
rupture  modulus  of  tho  matei'ial.  The  fomiition  of  large  voids  result.!  ■ 
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frcan  the  melting  and  subsequent  flow  of  impurity  piiases  has  boon 
demonstrated  by  Moulson  and  Arundale^ and  it  is  probable  that  the 
critioal  defect  size  in  the  Koch-Light  RBSN  is  determined  bj'  this 
process. 

The  present  stvidy  has  demonstrated  that  the  formation  of  RBSl-’  fr: 
pure  silicon  powder,  at  low  pressures  of  nitrogen,  is  a potential  rout- 
for  improving  the  mechanical  properties  of  the  ceramic  with  the  Young’s 
Modulus  of  the  pure  material  being  substantially  higher  than  that  of 
commercial  RBGN's.  At  the  present  time,  however,  the  rapture  modulus  cf 
the  pure  material  would  seem  to  bo  limited,  either  by  fabric.atiori 
variables  or  by  the  formation  of  large,  elongated  pores  in  the  structur 
during  silicon  network  formation.  Possible  methods  of  preventing  th 
development  of  such  pores  woeild  include  the  use  of  a small  silicon 
particle  size  ;uid  the  controlled  addition  of  dopiintn  v-hich  would  ul  ’lit 
silicon  network  formation.  The  work  of  Boyor^^®^^  siiggests  tliat  sns  ll 
additions  of  iron,  introduced  by  washing  in  an  iron  s-ilt  solution  i-' 
give  a uniform  distribution  over  the  silicon  aurfr^co,  may  be  effect'  .'t 
in  restricting  the  extend  of  silicon  network  growth. 

The  correlation  achieved  between  the  Young's  Ilndulua  iLita  and  tl.c 
theoroticiil  three- phitse-modol  has  shown  that  in  any  consideratior.  of 
developing  meciianical  properties  during  nitridation,  RBfflJ  crui  bo 
considered  as  a composite  of  silicon,  silicon  nitride  .and  porosity, 
all  three  components  influencing  the  properties  of  the  material . P-'-r 

compacts  of  puro  silicon  powder,  the  intoiv relation  of  the  throe 
components  of  the  composite  can  easily  be  determined  by  macroscopic-il 
methods,  whereas  for  impure  materials  the  important  aspects  of  micr')- 
structural  developnent  can  easily  bo  misked  by  secondary  reaction 
products  and  effects,  such  as  whisker  morphologies  and  impau-ity  phiecs. 
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fao<=*  laovEs  fonraxd  ao  tho  silicon  content  of  the  liquid  pliaso  if  iEainteu.a>d. 
Silicon  nitride  continues  to  grow  in  tlic  liquid  phase  reGultin^;  in  large 
dense  areas  of  p-silicon  nitride  (Pig.  66c). 


Por  a microstructuml  onginooring  approach  to  RBSIJ  optimiantlon  to  be 
successful  it  la  necessary  that  the  mi croc true turi  of  the  material 
is  able  to  be  closely  monitored.  This  is  possible  for  tho  pure  material 
described  in  the  study  and  taken  in  conjunction  with  the  high  value 
of  Young's  Modulus  obtained,  low  pressure  nitridation  of  pure  silicon 
powder  provides  a sound  basis  for  further  development  of  the  reaction- 
bonded  silicon  nitride  commie. 
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APlTiKDIX  1 


Lc  Characterietica  of  Koal  I-iaterials 


ifilastic  moduli  can  be  dotcnninad  to  an  accuracy  of  0. 1‘'j  or  better 
by  resonant  frequency  measurements.  The  resulting  adiabatic  valxies  are 
related  to  the  isothermal  moduli,  determiiifid  in  static  tests,  by  a 
theoretical  equation  which  shows  that  isothermal  moduli  should  be  the 
smaller,  typically  by  approx.  dopcmdin^r  on  tlio  material.  In 

practice  the  exiierimental  error  in  static  determinations  is  usually 
fpxater  thaii  and  sometimes  static  elastic  moduli  are  determined  iii 
a manner  which  permits  plastic  strain  to  bo  included-  the-  resulting- 
low  values  should  not  be  considered  true  elastic  moduli. 

In  a perfectly  elastic  material,  i.o.  a Itookean  solid,  stress  is 

strictly  proportional  to  strain  and  in  cyclic  otrossir!^  tliexe  is  no 

energy  loss.  In  all  raal  materials,  however,  strains  art.'  found  to  be 

accompanied  by  the  loos  of  some  energy  in  the  form  of  heat,  Tnomfore 

tlie  ratio  of  stress  to  strain  under  isothermal  conditions  (il. ) will  not 

be  the  same  as  under  adiabatic  conditions  (E  ).  Tliis  diffoxvneo  wai' 

a 

shown  by  Kolvin,  and  is  given  by; 


^’i  1-E^  Pe 

vhoro  a,p,  s and  T are,  respectively,  tlxo  coefficient  of  linear 
expansion,  tlic  density,  the  specific  heat,  and  the  absolute  tomptii-ntuT'  , 
Iix  fact  real  materials  show  a greater  difference  between  E wxd  E. 

A X 

than  CEin  be  explained  by  Kelvin's  oqxiation,  and  it  is  nocost'.arj-  tf)  ir.vo; 
the  occxirrence  of  heat  gonei-atirvT  procosses  other  tixan  adiabatic 
compression  and  expansion.  Such  proceosoo  aie  irrox-ersible  "frictionai" 
effects.  Ilxe  prosenco  of  frictional  r.ffucts  implies  tluit  ulxore  a mat'Ori, 
is  subject  to  time  dopondont  stressing;,  the  nti-ain  will  lixg  LHdiini'  ilu 
applied  stress.  In  the  particular  caso  whoix  tlic  utivse  is  applied 
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■Inusoidallyy  the  strain  will  the  stress  by  a constant  azif^  0« 

■Oils  situation  can  be  described  natbaoatioally  with  the  aid  of  a 

-10 

oooplez  oomplianoe,  K = E^e  ''  . 

Iwt 


Using  ^ we  have 

_£  = K or; 


i{vt  - 0) 


Consider  a stress  o" applied  longitudinally  to  a bar  of  length 
and  0*8. a.  'a*.  If  the  stress  produces  an  elongation  'z',  then  the 
work  done: 

wd  = cr'.a.z. 

dw  = <7%a.dz. 

= <r^a.l,dz 
1 

dw  = cT^.v.d  f , 


*'*  ^=<r-.d6. 


If: 


z=  c"  sia  vrt 

o 


£ = sin  (wt  - 0) 
d £ = ^Cq  cos  ••®)  dt 

dw  = cr"  w ^ sin  wt  cos  (wt  -O)  dt 


^ = cr- 


pT 

w £ I sin  wt  (ooB  wt  oos  0 + sin  wt  ein  0)dt 


o ''O 


pT 


= CT-^w  I 008  9,^  Bin2wt.dt  + 


sin  0 sin^wt,dt_J7 


o 


= cr-. 


pT 

w £ sin  9 I 'Kl  COB  2wt)dt 

Jo 


O '"O 





I 

I 


I 

I 


I 


I 


I 


I 


is. 
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= ^cr-^w  Bin  0,T 


Enorfy  loBB  per  unit  volume  in  1 cyclo,  E = 


i<r  w£o  ain  0.^ 


E 


Kcr^  7T  Bin  0, 


If  ener^:y  dissipation  is  occxirrin^’  in  a systoc  tJion  9/0,  and 
situation  can  bo  deocribed  witli  tlio  aid  of  K. 

Consider  the  lonf^tudiiial  forced  vibration  of  a rod  of  lon^^i  ’1', 
clanipod  at  one  end. 

If  the  rod  were  perfectly  olastic  it  would  liave  a natural  fundaTiontal 


an/?ular  frequency  w^,  ffiven  byj 


IV 


Ti  c 
21 


■whore  c is  the  volocity  of  longitudinal  waves  in  the  material.  Por  a 


perfectly  elaotio  material,  c - „ , , oiid  for  a material  cliaractfriued 


by  K, 


c^  - -J- 

- 


1 G 

K P 

O' 


jO 


IT 


iio  "-21 


w e 
o 


It  can  be  shown  tliat  the  "amplitude  per  miit  strouo",  A , at  tlv.’ 

\v 


free  end  is  given  by; 


A tan.^^-  tan./- 4.  -^7 

W „ C V ^2w-' 

— ^ 


V 


lloto : that  for  w close  to  w^,  i.o.  close  to  tlio  resonnnoe  condd.tiou 


materials  exliibiting  a small  loss : 

c K 7-  H 


. , CKT-c.  /,  Wv-7 


pul  ’ u - w 
V —O 


~ V + tw. 
o r 1 


J 


K w 


► • - 


1‘'2 


Then  A = 

w 


t I 

pwl  (w^-w) : jw^ 


^ (Wr~^)  - 


fvl 


/•  '>2  2 


“"''V"  =(^)2 


1 


f \2  2 

VWj.-'w) 


The  rod  vri.ll  go  into  roaonanco  at  w = w , 


when  A /■  = ~ -1= 

” (pv,l)^  w.- 


A/: 


Ii3q)eriiaDntally  oiic  obBorvoc  ^ ir  ^ at  w valiioc  clooo  to  v/  ^ mid  it 

/V' 


io  convenient  to  oboex-vo  valxino  of  v;  when  tlio  I’atic  ic  2. 


A/,  = ' '•i' 


w. 


wliich  = 2,  oiien  v;  = v ^ 

’ r — 1 


/r  '* 

' V, 


Hence  a neamiremont  of  tlio  bandv^idtli  Aw,  when  ..  „ 


gives 


A w 


^ = 2 tan  ^ 
r 


vrliioh  approximatoB  to  9^ 
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APFESDIX  2 

Theory  of  EleotroBtatio  Drivo  and  Detection 

The  two  eleotiodes  incorporated  in  the  specimen  mountinfr  vig  are 
biased  with  a positive  voltage  w.r.t,  earth;  this  bias  voltage  ie 
usually  of  the  order  of  '^OOY,  This  produooB  on  electrostatic  field 
which  exerts  a pull  on  the  ends  of  the  e£irthed  siiecimon.  13io  volta<.?o 
from  tlio  drive  amplifier  is  fed  to  the  driver  electrode  so  that  an 
alternating  pull,  at  the  oscillator  frequency,  is  exerted  on  tliat  end  of 
tlie  specimen.  The  detector  electrode  together  with  tho  cartlied  end-face 
of  tlie  specimen  acts  as  a capacitor  mi oro phono,  so  that  at  the  resonant 
frequency  a small  alternating  voltage  will  be  produced  across  this 
oapaoitor. 

Factors  Affecting  Sensitivity 

a)  Knd— face  ItisplaceinBnt  Amplitude 

The  displacement  amplitude  (a)  of  tlje  end-face  of  a s’apportod  bar 
subjected  to  a sinusoidally  varying'  attractive  force  of  given  mng!iitudo 
and  frequency  depends  directlj'  on  tlie  length  of  Uie  bar  (l),  its  rosonanco 
magnification  factor  (q),  and  inversely  on  Young's  modulus  (u),  aiK.  tl\e 
square  of  the  order  of  tho  hani)onio  gonoiated  (h). 

A . tv/l-(! 

O o 0 

2-n-‘'ird^  I'l 

—1 2 —1 

vhoro  f = 0,85  X 10  Rn  . Tlin  force  of  attrfu'tion  on  tlie  oud-f»ace 
depends  on  tho  squaro  of  tlio  applied  field,  i.c.  on  , whore  V In 
tlio  driving  voltage,  and  d^  is  tlie  spacing  between  oioctrode  raid 
specimen  end. 

b)  Output  Voltage 

The  voltage  (v)  api»arinf*  at  tlio  outinit  electrode  depends  on  the 
magnitude  of  tlio  applied  bias  voltage  (V^)  and  on  tlio  ratio  of  displace- 
ment amplitude  to  mean  olootrodo  ojiaoing,  i.o.  ^ . 


and  V = 


* ' O A 


1 E, 


I./  "2 


Sources  of  Error 


a)  E = 4 I 10“^  n^l^p 
Kie  above  formula  is  only  correot  for  long  thin  wires.  Correction 

factors  have  been  tabulated  by  Bancroft,  but  these  factors  are  very  snail 
and  can  be  ignored  for  all  practical  purposes. 

b)  Clanping  prossure  on  the  specimen  has  no  effect. 

c)  Small  displacements  in  tlie  centre  cloinpin^:  have  no  significant 
effect,  approxLma-coly  1 part  in  20,000  for  a displacement  of 

2 X 10  ^m. 

d)  Effects  of  the  silver  coating  are  so  small  that  they  oan  bo  ignored. 

0)  Tlio  main  source  of  error  lies  in  the  determination  of  dc:iEity. 


Results  obtained  from  the  "eleotrostatio"  apparatus  wore  checkc<1  by 
using  "standards"  of  perspox  and  fully-dense  alumina.  Eie  longilajiirial 
resonant  frequency  of  the  "standards"  had  previously  boon  dotorminod  at 
Tho  British  Ceramic  Hooearch  Association,  Stoko-on-'Erent. 
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Belatlonohlp  between  vol\iino  fractions  of  silicon  nitride,  silicon 
and  porosity  with  green  and  nitrided  densities. 


initial  green  coinpew;t  density 
nitrided  density 
compact  volimie 


mass  of  original  silicon  oonvorted  to  nitride 


on  conversion  of  lOOJj, 


Initial  porosity  volume  = V - (V^^) 
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Intermediate  porosity  V = (v^)  i vol.  of  Si  converted  to  SN  - 

p p o 

vol.  of  SN. 

• ~ “ ‘'•25  wiiarc  tlie  vol\miB  expansion  on 

” 'Si  ^Si 

converting  Si  to  SN  is 
acsimed  to  bo  25?o. 

V = (V  ) - 0.25  ^ 
p p'o  p 


V = V(1  - 0.25^ 

^ p^..  Psi 


*’*  !e  = (1  -i!s)  - 0-25^ 


Prom  (1)  ^ = i/p  _ ^ N 
V ^rn  rtr-' 


= 1 - 0*23  A. 


= 1 - 0.281  p - 0.14Sp^ 


, Intermediate  porosity  concentration  C =1-0.261i^  - O.liSp 

p ' n ' n 


Intermediate  Si  volume,  V_. 

' Sr 


(''si'o 


(K-iL 

kJX  O 


P.V 


^Si 


“ P^.  • 2 ^ ^n  “ Pfc^ 


in  nltTOgen  at  50  torr  and  1570*C. 
Particle  size,  55  - 65 


I 


s 

i 


1 


a)  10  minutes.  Silicon  network  formation  and  thermal  otching 
characteristics. 


b)  20  minutes.  Silicon  network  formation  aa^d  f^rain  boundary 
3?eaction  product. 


c)  in  (b). 
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m 

52 

rs 

LiSi 

d) 


20  minutes.  Meek  formation  and  pitting  of 
silicon  surface. 


e) 


43  loinutos.  Inhomogeneous  micxostructu2%  over  a 
small  area  of  the  sample. 


f)  45  minutes.  Exudations  from  silicon. 


g)  4 hoiire.  Nitride  morpiiolo^o . 


li)  Ae  (g). 


i)  4 lioiura.  Two  typon  of  reaction  product: 

(a)  Trannluoent  inaterial 

(b)  "Chunkjr"  depocito. 


j)  15  niiinitaB,  AluEiinium  contai&iiiatoa  Ifoto 

whlttkar  norpholof^  aiid  lack  of  B.’.licoxi  iiotU')rk. 


